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Abstract:
In today’s versatile requirements for reducing fuel consumption, a lot of dif-
ferent approaches are in development like hybridization, reducing the amount
of cylinders with the same power as before or operating point-independent
components and auxiliaries. Within this thesis, one of the approaches is
shown: electrified auxiliaries including an operation strategy. Replacing con-
ventional auxiliaries with electrified ones, the need of more electrical power
becomes bigger. Due to the limits within the 12V power net, the 48V ap-
proach is the logical conclusion in terms of cost benefit and availability of
the needed resources to use the electrified components. The 48V power net
introduces new or modified parts to the vehicle including a new power net
topology.
VII
Fuzzy logic was chosen to control the auxiliaries, because of the number
of input variables, the flexibility of using it for different cars and being ro-
bust during the usage. The results showed a significant improvement of fuel
consumption with the developed control strategy for the selected power net
topology. This improvement was evident in all cycles, which were discussed
within this thesis.
In this thesis a new approach for reducing fuel consumption was shown,
which includes several electrified auxiliaries and the operation strategy to
control them within the vehicle during different cycles. The necessary models
for the approach were developed including the auxiliaries, the controller and
the needed parts for the power net.
Kurzfassung:
In der heutigen Zeit mit den steigenden Ansprüchen zur Reduzierung des
Kraftstoffverbrauchs sind viele verschiedene Ansätze und Technologien in
der Entwicklung, wie zum Beispiel Hybridisierung, Zylinderreduktion mit
der gleichen Leistungsausbeute wie zuvor oder auch vom Verbrennungsmotor
unabhängigen Komponenten und Nebenaggregaten. Innerhalb dieser Arbeit
wurde einer dieser Ansätze näher erläutert: elektrifizierte Nebenaggregate
inklusive einer Betriebsstrategie.
Durch den Austausch der konventionellen Nebenaggregate mit den elek-
trifizierten Nebenaggregaten steigt der Bedarf an mehr elektrischer Leistung.
Durch die Limitierungen im 12V Bordnetz, ist der 48V Ansatz der nächste lo-
gische Schritt hinsichtlich des Kosten/Nutzen-Verhältnis und der Ressourcenver-
fügbarkeit für die Nutzung der elektrifizierten Komponenten. Das 48V Bor-
dnetz benötigt neue bzw. modifizierte Komponenten inclusive einer neuen
Bordnetztopologie.
Fuzzy-Logik wurde zur Regelung der Nebenaggregate ausgewählt. Grund
hierfür waren: Anzahl an Eingangsvariablen, Flexibilität in der übertragung
auf andere Fahrzeuge und dem robusten Verhalten in der Anwendung.
VIII
Die Ergebnisse zeigten ein signifikantes Einsparpotential durch die Ver-
wendung der entwickelten Betriebsstrategie für die ausgewählte Bordnetz-
topologie. Die Einsparung war in allen diskutierten Zyklen deutlich zu sehen.
In dieser Arbeit wurde ein neuer Ansatz zur Verbrauchsreduktion gezeigt
inklusive elektrifizierter Nebenaggregate und der benötigten Betriebsstrate-
gie, um diese im Fahrzeug in verschiedenen Zyklen zu steuern. Die benötigten
Modelle wurden entwickelt, wie zum Beispiel die Nebenaggregate, der Re-
gler und den Bordnetzkomponenten.
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1 Introduction
1.1 Introduction to the subject
The reduction of CO2 is increasingly important for the development of to-
day’s vehicles. This is due to increasing demands for fuel consumption and
CO2 emissions of the vehicles. Decisive for those needs are legal require-
ments on European basis. By 2021, the fleet target for each OEM is 95 g/km.
Super credits are created for the phase-in time to reach the goal of 95 g/km.
These credits will have a maximum value of 7.5 g/km[1] and will be sub-
tracted from the total amount of the fleet. In addition, eco innovations like
LED lights or a solar sunroof are also possible and will be credited with a
maximum of 7 g/km. So this means if the fleet has no super credit or eco
innovation, the maximum output of the fleet must not exceed 95 g/km CO2
otherwise the OEM has to pay a penalty. This regulation is highly sensitive
since each OEM will be punished if they excess the CO2 emission. Though
this penalty focuses on the overall emissions of the OEM fleet and not only
on the emission of a single vehicle.
One approach to achieve this goal is the electrification of auxiliaries in the
power train which are up to now mechanically driven. The electrification is
only useful if it is carried out under specific boundary conditions[2]. One of
those boundary conditions is the demand oriented operation of the auxiliary
with higher efficiency or the resulting possibility to achieve new advantages
in the auxiliary system. For example a new generator concept, which is more
efficient and capable of a higher voltage level. Another important boundary
condition for the electrification is that the electrical energy required for oper-
ation is not primarily produced by the combustion engine, but previously un-
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used or new energy sources are used to produce the required energy. A main
energy source with high power is the recuperation of brake energy. Through
this previously recuperated energy the new electrical auxiliaries can be used
and the energy must be provided not only by the engine - belt - generator -
battery - auxiliaries. Thus, under certain circumstances, an increase of effi-
ciency can be achieved[3].
This is one way to accomplish the reduction of the fuel consumption. How-
ever, the reduction of fuel consumption can be further increased in combina-
tion with other measures. Because of the complexity and the large number
of parameters in the electrification, it is important to determine a marketable
action by an appropriate methodology in order to maintain the ratio of costs
and benefits in an appropriate way.
1.2 Problem setting
The necessity to reduce the fuel consumption and the resulting emissions is
greater than ever before. New ways of solving approaches must be found
to achieve the reduction. The vehicles with conventional power train, which
serves as the base of this work, will be in the medium-term period the most
used vehicle in the market. The changes in the conventional vehicle are al-
ways in competition with the effort of the changes. The optimization of the
auxiliaries for the total system vehicle is in the foreground, so the effort to re-
alize more and better coordinated subsystems in the conventional vehicle. For
the analysis and evaluation of the measures the "New European Driving Cy-
cle" (NEDC) has not only to serve as a basis, but a real-life-cycle must also
be considered. The reason for this is the synthetic character of the NEDC,
which reflects not many real-world conditions.
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1.3 State of the art
Many measures or changes of the auxiliaries which have been discussed in
the literature are not or only partially implemented in today’s vehicles. Many
auxiliaries are now operated mechanically. An example would be the main
water pump. It can be electrically operated but up to now very rarely used
in series. This is due to the profound changes to the engine by changing the
boundary conditions. In today’s volume models a few auxiliaries (e.g. electric
power assisted steering) are electrified, although a significant part of the fuel
consumption is caused by the conventional auxiliaries. Currently there are
already some solutions available to reduce fuel consumption. However, these
are optimized for usage in the NEDC. Therefore many solutions only offer
limited potential in the normal everyday use. The goal is to achieve a lower
fuel consumption according to the official standards.
1.4 The aim of the work
The goal of this work is the development of an operation strategy for elec-
trified auxiliaries in the future power train for conventional vehicles with a
combustion engine. The development of the operation strategy includes a
assessment of various auxiliaries in the vehicle and its potential electrifica-
tion. Based on these evaluations, a selection is created and architectures are
derived. These architectures include various electrical components like elec-
tric machines, batteries and converters. The analysis also includes several
new auxiliaries respectively new capabilities to operate these electrified aux-
iliaries. The approach is to generate from previously unused energy sources
and to operate the auxiliaries electrically. The representation of the dependen-
cies and synergy effects in comparison to a reference system is incorporated
in the system approach. The base is a mid size car with a diesel engine, a
conventional drive train and conventional 12V electrical power net.
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The combining of the various components of the architecture results in a
large number of influencing parameters and the need to have a combined con-
trol. To develop the operation strategy, several control methods were studied
and fuzzy-logic was selected to get a robust and CO2-optimized control.
The operation strategy of these electrified auxiliaries is given by the com-
bination of the selected vehicle architectures and the operation strategy tak-
ing into account recuperation, power net with 2 voltage levels, driver wishes,
boundaries of the engine and the all involved components and sub systems.
The possible future concepts of engine near auxiliaries are shown with the
described system approach as a basis. An important goal is also to reduce the
fuel consumption differences between NEDC and real life.
1.5 Outline and structure of the thesis
The individual sub-tasks are shown in the following section.
I. State of the art: conventional auxiliaries, operation strategies, electrical
energy management and electrification of auxiliaries
II. Power net:
a) 12V system: Outline of the state of the art power net in conven-
tional vehicles
b) 48V approach: Discussion of the 48V system including the new
or modified components for 48V
c) Strategy: A study of approaches such as regenerative braking
d) Cycles: A study of individual factors in different cycles and bound-
ary conditions
e) Existing systems: Discussion of existing solutions and their ad-
vantages and disadvantages
4
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III. Overall system
a) Selection: Presentation of different power net topologies
b) System boundaries: Discussion of the limits of the power net
components and the resulting system boundaries
c) Models: Creating simulation models for the 12V and 48V vehicle
including the electrified auxiliaries
d) Validation: Comparison of each simulation models with the real
life components
e) Simulation: Integration the new models into the simulation and
comparing 12V with 48V
IV. Auxiliary Controller
a) System: Structure of the system and the controller
b) Methods: Discussion of different controller types
c) Fuzzy controller: Basics of fuzzy logic, the layout and usage
d) Implementation: Integration of the fuzzy controller into the sim-
ulation environment for the selected auxiliaries
V. Utilization of the operation strategy
a) Proof of function: Showing the correct behaviour of the fuzzy
controller
b) Results: Presentation of the reduction of the fuel consumption
with the 48V approach and the fuzzy controller
VI. Summary and outlook
1.6 The framework of the thesis
The thesis was created within two projects. First there was an internal Bosch
project and the other was a public funded project of the European Union with
the name EE-VERT (Energy Efficient VEhicles for Road Transport).
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The internal Bosch project: This involves the electrification of the conven-
tional power train and development of new innovative products for Bosch by
the Advanced Engineering departments. It includes the development of pro-
totypes which represents these new products. The observation of the system,
in which the component is used, has a large impact, completely new system
concepts can arise[4] .
The public funded project: As part of the "‘Seventh Framework"’ program
of the European Commission on January 1st, 2009 the EU-project EE-VERT
was launched. The project goal was a CO2 reduction by 10 % in a con-
ventional vehicle. Also in this project, new concepts were developed that
increased the efficiency of the conventional vehicle and these concepts were
also transferred to buses[5]. In the project two OEMs were involved, which
allowed me to have access to current vehicle data.
6
2 State of the art
The aim of this chapter is to outline various auxiliaries close to the engine
in today’s vehicles. This chapter provides an overview of the auxiliaries and
their environment and the subsystem in which they are used and which of the
components are already integrated in the test vehicle.
2.1 Auxiliaries
2.1.1 Main water pump
The main water pump is part of the cooling circuit (Figure 2.1) which is cur-
rently used in conventional vehicles. The operation of the engine causes ther-
mal energy that is dissipated by forced convection to the cooling medium.
Thus the cooling circuit serves to regulate the temperatures in the engine and
it will thereby preventing thermal overstress or even a burning motor oil. The







Figure 2.1: Basic design of the cooling circuit
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water. The system shown here is called an air-water-circulating cooling[6].
In most conventional vehicles an unregulated mechanical water pump is used.
The pump is directly coupled to the belt and therefore depending on the en-
gine speed. Through this coupling, the pump is running continuously as long
as the engine runs. The water pump rotates faster in the normal case than the
crankshaft, that means the ratio is greater than 1. This also means in Stop/S-
tart the pump is not running and not able to cool down the engine. Another
disadvantage of this arrangement is the pump speed dependence from the en-
gine. This results in an oversized water pump, designed to meet the design
criteria, such as the cooling water supply at idle speed or the supply of coolant
at full-load operation of the engine for hotspot prevention. In most cases the
water pump of a conventional vehicle is a rotary pump (Figure 2.2). This
conventional pump is unregulated, belt driven and directly flanged to engine.
Figure 2.2: Example of a rotary pump
The cooling circuit contains additional components such as the interior
heater, the thermostat and the radiator. The thermostat is a 2/2-way valve
and may be an electronically controlled thermostat or expansion material
8
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controlled[6]. Thermostats with a characteristic diagram are needed to en-
sure the correct cooling water temperature in specific operating points, which
are not possible to achieve with the water pump only caused by the speed de-
pendence from the engine. At full load, the efficiency increases by lowering
the coolant temperature and under partial load there are less emissions in the
exhaust by lifting the coolant temperature[6][7]. Furthermore, the thermostat
also prevents excessive heat dissipation in the warm-up phase of the engine,
because only the small cooling circuit is active.
Depending on engine type and concept other components in the cooling
circuit may be present: the EGR cooler and the oil/coolant cooler or inter-
cooler. A major influencing factor affecting the design of these components
is the mechanical main water pump again and the dependency of the engine
speed and thus predetermined volume flow of the coolant at the pump outlet.
Main water pump
volume flow Qhydraulic efficiency ηp
drive torque M
speed n
required pressure difference ∆p
Figure 2.3: Characteristics of the main water pump
The characteristics of the main water pump (Figure 2.3) are the speed of
the drive shaft nm, the pressure difference ∆p, the hydraulic efficiency ηp,
the resulting flow rate Q and the resulting torque of the drive shaft Mm. If
the parameters are available by means of measurements, the relationships can
be described by the formula 2.1, 2.2 und 2.3 and thus create a characteristic
diagram model for the simulation of the pump.
Pp = ∆p ·V˙ = ∆p ·Q (2.1)
Pp = Pm ·ηp (2.2)
9
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Mm =
Pm
2 ·pi ·nm (2.3)
2.1.2 Engine oil pump
The engine oil pump is an important part of the system combustion engine
like the water pump and is required for the operation. Normal constant pumps
may have over 1000W hydraulic power[8]. The oil pump has to fulfil several
tasks. The most important task is to provide sufficient oil pressure. Fur-
thermore, the oil pressure can be used for the control of different hydraulic
actuators. For example one of these possible controllers is the camshaft ad-
juster for the variable valve timing. The engine oil is also used for lubrication
of various bearing points. The oil circuit is also used to cool the water-cooled
combustion engines and so about 2 to 2.5% of the heat[9] are released into
the engine oil. This includes the heat generated by the friction and by the
combustion. The main design criterion of constant pumps is the hot idle.
Figure 2.4: Example of an oilpump
That means the oil has the maximum specified temperature (140◦C oil sump
temperature[8]) and thus a very low viscosity. The pump is now designed
the way that the minimum pressure of 1.7 to 1.8 bar absolute pressure is
achieved[10]. This minimum pressure is required to make sure that adequate
lubrication is present and that the hydraulic actuator is already full functional.
High speed with hot oil is another design criterion. It must be ensured that
10
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sufficient oil is available for high-load bearing locations. The oil pump can
be realized in different versions. Typical representatives are the external gear
pump, the internal gear pump, vane and gerotor pump (Figure 2.4).
The characteristics of the engine oil pump (Figure 2.5) differ from the char-
acteristics of the water pump. On the mechanical side, the speed n and the
required drive torque M. On the hydraulic side there is the oil pressure p, the
volume flow q and the leakage flow qVη and qVρ .
engine oil pump





Figure 2.5: Characteristics of the engine oil pump
According to [11] the volume flow is q (equation 2.4) from the theoretical
flow qtheo minus the leakage flows qVη and qVρ . qtheo (equation 2.5) depends
on the pump speed n and the theoretical delivery volume Vi. The leakage
flows are derived from the equations 2.6 for the influence of viscosity and 2.7
for the influence of density[12].
q = qtheo−qVη −qVρ (2.4)
qtheo =Vi ·n (2.5)
qVη =
b ·h3 ·∆p
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The factor is kη from width b, the height h and the length of the gap l. kρ
is also dependent on the geometrical shape of the gap and is described by the
flow coefficient α and the orifice cross section Ad[12].
The oil circuit (Figure 2.6) can be realized as pressure lubrication (wet
sump) a) or be designed as dry sump lubrication b). The components of
both options are oil container (1), oil pump (2), oil cooler (3), filter unit (4),
bypass valve (5) and the engine with lubricating points (6). The dry sump
lubrication, however, has a second oil pump (7) in contrast to pressure-feed









Figure 2.6: Oil circuit vehicle [6]
into a module[8]. In the oil circuit, there are different consumers. The main
consumers are the bearings in the engine such as the connecting rod bearings.
Furthermore, the hydraulic actuator, such as the camshaft adjuster, are sup-
plied by the oil circuit. The filter unit in the oil circuit is equipped with a
bypass valve. This valve serves to protect the filter unit prior to higher system
pressures. Then the oil gets into the engine. There, it splits up again and is
divided according to the demand. The need may be a high pressure level or
even enough lubrication for bearings inside the engine. The system pressure
in the oil circuit must be controlled. There are several possibilities to handle
the control. The oil pressure can be controlled directly or indirectly in the
oil circuit or using a regulated oil pump for example with magnetic valve to




The vacuum pump (Figure 2.7) is required in vehicles with diesel engines and
gasoline direct injection. This results of the inadequate air intake pressure
because there is no suction pipe throttling. The under pressure or vacuum
is used for various components and actuators. The main task of the vacuum
pump is to supply under pressure to the brake booster. The provided under
pressure of the vacuum pump can also be used for pneumatic actuators. In the
demonstrator car of the EU project, the Alfa Romeo 159 1.9 jtdm, the under
pressure is used to change the variable geometry of the turbocharger. In the
past, the under pressure was also used for the central locking system or even
folding headlights.
Figure 2.7: Example of a vacuum pump
The typical vacuum pumps are vane pumps (Figure 2.7) and have an almost
constant power consumption, which is independent of the engine speed or the
load of the engine[13]. The drive of the pump is realized by the camshaft
and is located on the cylinder head. Thus, the speed of the vacuum pump is
dependent on the motor speed. The behaviour of the pump is always dictated
by the internal combustion engine.
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The characteristics of the vacuum pump (Figure 2.8) are the speed n, the
required drive torque M, the efficiency of the vane pump η and the resulting
pressure p. The vane pumps have an efficiency from 0.75 to 0.85[14].
vacuum pump




Figure 2.8: Characteristics of the vacuum pump
2.1.4 Hydraulic power steering
The hydraulic power steering (Figure 2.9) is a support system for the driver
to assist in steering maneuvers and is used in many vehicles such as the Alfa
Romeo 159, shown here is the power steering rack and pinion power steering
and has prevailed against the ball-nut power steering system also for heavy
vehicles[15] with conventional hydraulic power steering. Reasons for this
were the price and weight advantage of the rack and pinion power steering.
The hydraulic circuit is supplied by a fixed displacement pump. This pump
is coupled with the internal combustion engine and is therefore like the oil
and water pump, depending on the speed of the engine. The pump provides
the required oil pressure at a constant flow rate. In about 95% of all cases this
pump is a vane pump[13]. If the system is an open hydraulic circuit it will be
referred to an open-circuit steering or an OC-steering. The OC-steering offers
the advantages such as lower forces and also some disadvantages. Compared
to a normal power steering more space is needed in the engine room because
some components (Figure 2.9), such as the pump, the steering valve, steer-
ing cylinder or the flow control valve are required. Another disadvantage of
conventional hydraulic steering system is its dependence on the combustion
engine. The engine must produce the required power for the pump and there-
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fore cannot be used for propulsion. In addition the pump is not operating as
required, which means the pump produces a volume flow even if no steering
movement is desired by the driver. This happens roughly in 95% of the time
during the vehicle usage[13]. The speed dependence of the combustion en-
gine is the influencing factor in the design of the pump, it must provide at
low engine RPM already the required pressure and flow rate for parking and
manoeuvring. By this dimensioning of the pump the required power strongly
rises with increasing engine speed, although this is no longer needed. There-












Figure 2.9: Scheme of the hydraulic steering system[15]
Another form of hydraulic power steering is the electro-hydraulic steer-
ing. This version has a fixed displacement pump that is driven by an electric
motor. It is therefore decoupled from the internal combustion engine. The
hydraulic circuit has a structure similar to the cycle of conventional hydraulic
15
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steering system. However a hydraulic oil storage reservoir is required. This
reservoir is supplied by the pump and has always a higher pressure level than
the required differential pressure in the steering cylinder. The pressure in the
storage reservoir is regulated by a 2-point controller[15], which ensures that
the oil pressure is always above a minimum threshold and possibly turns on
the pump and increases the pressure to the maximum value. This system al-
lows a demand-oriented operation of the pump and leads to a fuel saving on
the NEDC of up to 4% (simulation).
2.1.5 Air conditioning system
The air compressor is a part of the vehicle air conditioning, but has no sig-
nificance for the actual operation of the vehicle. It only serves as an increase
in comfort for the occupants in the vehicle. In today’s driving cycles, the
vehicle is measured without air-conditioning and so the consumption by the
air conditioning is not taken into account. However, there are already driving
cycles, which take into account the air conditioning, but these cycles do not
already belong to the cycles required by law to determine the consumption
of a vehicle. The rise in consumption between driving with and without air
conditioning can exceed 3 litres/100km depending on vehicle type, weather,
technology used and some other factor.
In a small car, for example, the total consumption may reach 120%, if
the interior needs to be cooled down to 22◦C at an ambient temperature of
28◦C[16]. Therefore the air conditioning must be taken into account for
the statutory driving cycles in the future thus the consumption differences
between brochure data and reality will be lower. To ensure comparability, the
influence of factors such as sunlight, season, time, etc. need to be standard-
ized.
The air conditioning consists of several components (Figure 2.10) and the
main part is the air compressor(1), which is also belt driven. At the output
of the air compressor is the high pressure side of the gaseous coolant and the
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input the is low pressure side of the gaseous coolant. Up to now there are 2
different versions of air compressors, which are in use for vehicles. The first
version is the axial piston compressor and the other one is the scroll compres-
sor. The axial piston compressor with pivoting disc is the most used in today’s
vehicles. The main advantage is the possibility to control the displacement of
the air compressor, which results in a reduction of the required power. The
displacement of the scroll compressor is also controllable but the effort is sig-
nificantly larger. Another way to reduce the required power is to switch off
the compressor with the help of a magnetic clutch (Figure 2.11a). The clutch
is a part of the belt pulley of the compressor and without a working voltage
the clutch is opened. As soon as the magnetic clutch receives the working














Low pressure side gas
Low pressure side liquid
High pressure side liquid
High pressure side gas
Figure 2.10: Structure and components of air conditioning [13][17]
The basic of the air compressor is the refrigeration cycle (Figure 2.11b) and
it is a log p,h-diagram. The shown diagram is the real refrigeration cycle and
not the ideal one, but it is included in the diagram. The real one has 8 changes
in condition and the ideal one only 4 changes. The pressure losses are not
included in the figure. So the isobaric line wouldn’t be horizontally[13]. The
liquid area is labeled with A, the vapor area with B and the gas area with C.
In the diagram number 1 - 2 is the polytropic compression to the condensing
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pressure level and 1-2’ is the isentropic compression. The isobaric cooling(2
- 2”) now continues in the cycle. This is the desuperheating of the overheated
steam. The next step, 2” to 3’, is the isobaric liquefaction and followed by the
isobaric cooling (3’ - 3) which is the supercooling of the liquid. The next step
is the isenthalpic throttling to the evaporation pressure level (3-4), the isobaric
evaporation (4-1’) and as the last step of the cycle is the isobaric heating, the
overheating of the steam (1’-1). The whole cycle can be optimized to increase























Figure 2.11: Scheme of a magnetic clutch and the refrigeration cycle of an air
compressor
The next parts of the air condition are the condenser and the condenser fan.
In the condenser the gaseous coolant gets cooled down and becomes liquid
again. This is the part in the diagram from 2 to 2” to 3’ and 3. The condenser
fan (3) supports the condenser if it is needed to make sure the required air
flow is available. The filter/dryer is part number 4 and it is used to filter the
coolant to remove unwanted particles and to remove unwanted water from
the coolant. The evaporator (5) serves to evaporate the coolant, this is called
isobaric evaporation and it is a change in condition from liquid to gaseous.
The blower fan (6), which is connected to the evaporator, generates the air
stream to cool down the interior of the car. The expansion valve is the last




2.1.6 High pressure pump
The high pressure pump (Figure 2.12a) is another important part of the aux-
iliary system. The radial piston pump is usually used in passenger cars and
creates a constant system pressure for the rail independent from the injection.
The pump also couples the low pressure part with the high pressure part of the
common rail system (Figure 2.12b). The pump is directly mounted to the en-
gine at the same spot like the conventional distributor injection pumps in the
past . The pump can be driven by belt, gear or chain and the result is a fixed
speed ratio, which means it is again speed dependent on the engine speed
and the maximum speed of the pump is 3000 RPM[18]. In contrast to other
pumps, fuel is used as a lubricant. The pump has a higher power demand then
other auxiliaries. 3.8kW are needed for the pump at nominal speed with 1350
bar rail pressure and a mechanical efficiency of 90%[18]. The pump (Figure
2.12a) has normally 3 radial arranged pistons with an angle of 120 degree and
3 delivery stroke per rotation. The pump construction has several parts. The
drive shaft (1) is connected to the combustion engine as stated above. At the
end of the drive shaft there is a eccentric cam (2), which is used to drive the
pumping elements with the pump pistons (3). The intake valves (4) are placed
at the top of the pumping element and right next to them, there are the outlet














Figure 2.12: Scheme of a high pressure pump[18] and the Common Rail
System
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The pump is a part of the common rail system (Figure 2.12b) which is used
in almost every modern diesel engine for conventional vehicles. The main
part is the high pressure pump (1) which pumps the fuel into the rail (3). The
rail is connected to the injectors (2). The pressure regulation valve (4) is used
to control the rail pressure. The electric fuel pump (5) is used to pump the
fuel from the tank (6) through the fuel filter (8) to the high pressure pump.
The unneeded fuel is flowing back into the fuel tank through the fuel return
manifold (7).
This system layout enables the possibility to separate the pressure genera-
tion and the fuel injection. This makes the system more efficient, because the
amout of injected fuel is more precise then the amount of fuel in a conven-
tional diesel system. The injection is divided into 3 parts: the pre injection,
the main injection and the post injection. Those injections are time inde-
pendent and the fuel amount can also be controlled depending on the actual
operation point of the engine. This system enables also a high pressure at low





This section shows a little overview (Table 2.1) of those auxiliaries which
were discussed in the State-of-the-Art section. All those auxiliaries are per-
manently required except the air compressor for the function of the car, but
for comfort it is used permanently. The components shown in the table 2.1
are conventional parts without mechanical optimization like a bypass, 2-stage
gear or a clutch. There are a lot of ways to mechanically optimize those auxil-
iaries for example a flow and pressure regulated oil pump[8]. The mechanical















Peak Power 1.8kW 2kW 250W 1.5kW 5.5kW 4kW
Idle Power 100W 100W 80W 250W 500W 50W
Deactivatable - - - - X -
Fixed Ratio X X X X X X
Drive Belt Chain Camshaft Belt Belt Gear,
Chain or
Belt
Table 2.1: Comparison of the Auxiliaries
2.3 Summary auxiliaries
The auxiliaries chapter shows several auxiliaries like the oil pump, the water
pump or the air compressor. The basics of each component and its subsystem
were shown. All auxiliaries have a dependency of the engine by using the
belt drive. Demand-controlled operation is only partial or not at all possible
with this type of drive. The decreasing of the fuel consumption is possible if
the belt drive gets replaced with a new type of drive, which allows a demand
oriented operation of the auxiliaries and the independence of the engine.
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2.4 Operation strategies and electrification
The term operation strategy can be used in different ways in the vehicles.
The most used one in case of hybrid electric vehicles will control the torque
split between the combustion engine and the electric machine. The other
type of operation strategies can also decide which operation mode should be
used in the vehicle due to the knowledge of the prediction algorithm, which
uses navigation data or sensor data. Another type will control the electrical
system and the electrical energy inside the vehicle, which is also known as
energy management or electrical energy management. This section will give
an overview about different approaches.
2.4.1 Operation strategies
[19] stated in the chapter about operation strategy that it is a new term which
has been developed in the recent years. It became more popular due to the
electrification of the power train. The operation strategy has to answer dif-
ferent questions during the usage of the vehicle: which operation point is
suitable, which operation point is efficient, which operation point is usable
for driveability. The operation strategy needs to control the whole system,
which is too complex for the driver[19], depending on the actuating, dis-
turbance and controlled variable. The first standard operation strategy is the
control of an automatic transmission. [19] describes various characteristics of
the operation strategy for the transmission, which are important to be taken
into account like the noises, the emissions of the combustion engine or the
loss of comfort during shifting. [19] also stated: an operation strategy might
have control elements operated by the driver e.g. drive mode switch for nor-
mal, eco or sport mode. The operation strategy has to be understandable for
the driver and the actions triggered by the operation strategy have to be com-
prehensible and those actions have to be the same in comparable situations.
Another type of strategy is outlined as rule based operation strategy, which
is used for full hybrids[19]. There is a definition of rules for different modes
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and conditions, which will describe every situation during the usage of the car
e.g. the pure electric driving, battery sustaining mode or changing the load
point of the combustion engine. As soon as additional data like sensor data or
navigation data is available, the operation strategy can be predictive and will
change modes to predicted situations so that the driver wishes are fulfilled
even better than before without prediction.
[20] described an approach of a heuristic operation strategy derived from an
online optimization. A crucial insight of [20] was to find an optimum between
fuel consumption, driveability and component load. Because driveability and
reduction of component load will raise the fuel consumption. [20] also stated
that development and production cost are critical which results in the im-
portance of assessing the algorithm complexity for future mass production.
With this claim, it was quickly clear that the algorithms must change. The
usage of an online optimization was an appropriate tool for simulation and
finding the optimal working points of the vehicle, but the complexity is too
high to use it inside a real vehicle due to the limitations of the vehicle control
units. [20] analysed the working point of the online optimization and con-
verted those findings into a simplified experience-based operation strategy.
The insights of the comparison of the fuel optimized strategy, the modified
online strategy and the heuristic operation strategy showed the following re-
sults: the reduction of complexity is necessary, reduction of component load
and driveability will raise the fuel consumption, experience-based algorithms
have a good efficiency, the simplification of those algorithms will only result
in minor reduction of the fuel efficiency and the online optimization is better
for the pre-development phase and theoretical investigations[20].
[21] developed a rule-based operation strategy, which can be easily adapted
to different power trains and driving cycles. The operation strategy deter-
mines the efficiency of the hybrid vehicle and a more efficient strategy results
in a more efficient vehicle. In [21] approach, the strategy combines the torque
split between the electric machine and the combustion engine based on the
driver demand with the velocity of the vehicle and the SOC of the traction
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battery. The goal of [21] was the development of a rule-based strategy, which
will adapt itself to different cycles and power trains. The rule-based approach
brings the need to evaluate the different mode of the operation strategy like
the charging of the battery during driving with the combustion engine. It also
includes a charging map which will determine the optimal working point to
charge the battery. In addition to the charging mode, the electric driving got
rated too with the ratio of the best case fuel consumption improvement and
the consumption of electric energy. Both parts need to be combined to select
the right mode in every driving situation. [21] stated with the help of this
strategy and a variation of the battery discharge power the parameters and the
minimal fuel consumption can be determine for every cycle and power train.
[22] showed the potential of 48V hybrid electric vehicle in real driving con-
ditions and the requirements and potential of the system were discussed. A
major part of this system is the operation strategy which is less complex than
the operation strategy of a full hybrid. The strategy is decisively influenced
by the size of the used components. As an example [22] outlined the dimen-
sioning of the 48V battery. The battery will determine the amount of energy
which can be used in short-term and long-term like the recuperation phases
or the energy supply during coasting phases. Another factor which was des-
cribed is the driving cycle. The cycle or load profile influences the strategy
and therefore the fuel consumption. [22] stated that the highest recuperation
potential is in urban areas but also depending on the driving style. The final
insight is that the 48V approach with the right strategy can decrease the fuel
consumption by a large amount depending on the driving cycle, the driving
style and the driving environment the vehicle is operated[22].
[23] outlined an approach of increasing the efficiency of a 48V hybrid ve-
hicle with 2 optimization path to reach this goal. As a base a holistic concept
was used within the project. Due to new integrated components the oper-
ation strategy was more complex then in a conventional 48V vehicle. The
operation strategy needs to manage the 48V system with the torque split be-
tween combustion engine and electric machine, the 2 electrified clutches, the
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thermal management, the exhaust gas recirculation, the optimized injection,
the electrical heated catalyst and the different hybrid drive modes. Within
the vehicle the belt drive was removed and the main water pump and the AC
compressor were removed and replaced by an electrified water pump and an
AC compressor which is connected to the electric machine with a belt. In ad-
dition the vacuum pump got electrified too. The control strategy of the water
pump and the vacuum pump is not a part of the paper. The control strategy
of the clutches were described because the reference vehicle had a manual
transmission and those clutches were automated. Due to this automation new
modes within the operation strategy were necessary and were integrated into
the strategy[23]. The combination of the 48V system and an optimized com-
bustion engine will lead to a great improvement of the fuel consumption with
the help of the introduced operation strategy. Additional electrified compo-
nents can be introduced in the future due to the electrical energy which is
available within the P2 architecture.
[24] described 2 scenarios for a 48V: a 48V P2 diesel approach to lower
CO2 and NOx and the electric driving with 48V. The first approach for the 48V
diesel is phlegmatization, which means the dynamic of the combustion engine
gets reduced at transient load requirements[24]. The electric engine will com-
pensate dynamically the difference between driver demand and engine torque.
Different rates of phlegmatization will result in different NOx-emissions. The
development of this strategy needs an engine-in-the-loop test bench to com-
bine the combustion engine with the simulated hybrid system and operation
strategy with a variation of different parameters and components. The con-
clusion of [24] are: 48V with an optimized strategy will increase CO2 and
NOx, the 48V P2 topology can support extended coasting, plug-in version
of 48V will increase the improvement with partly electrical driving and pre-
conditioning of the vehicle. Phlegmatization will only be useful with a 48V
plug-in hybrid because the dynamic usage of the electric machine will cost
more energy than the electric machine can recuperate during driving. Full
electric driving with a light weight vehicle is possible.
25
2 State of the art
[25] showed that the development of hybrid vehicles especially the opera-
tion strategy including design, safety mechanism and optimization are a com-
plex and consuming task for the OEM. The paper focuses on the development
and the tools and processes for the development. This is necessary because
a great variety of hybrid topologies will be available within different markets
and fields of usage[25]. The operation strategy has many input and output
variables which have to be addressed. As [25] stated, those variables can
be distinguished into the following for the input and output: main command
variables, side command variables, state variables, main controlled variables
and side controlled variables. The main focus of the operation strategy is
the torque split between the combustion engine and the electric machine de-
pending on the driver demand. But there are different development goals for
the strategy as [25] described e.g. the efficiency, the emissions, the drive-
ability, the lifespan and the costs. Those goals will increase the complex-
ity a lot and the appropriate tool chain is required. [25] explained this tool
chain beginning with a backwards simulation followed by a forward simula-
tion and then finishing with hardware-in-the-loop-simulations, engine-in-the-
loop-simulations and x-in-the-loop-simulations. Coming from the easiest to
the most complex with the whole system at the test bench and into the car.
The final insights of the paper are that development of an operation strategy is
complex and an appropriate process is needed to make the development more
efficient.
[26] focused on an operating strategy for optimized CO2 and NOx emis-
sions of diesel-engine mild-hybrid vehicles. The base of the paper was a 1.6l
diesel engine with a 48V hybridization and an EU6 emission level without
the electrification. [26] stated that the requirements for the diesel engine will
increase e.g. with RDE (real driving emissions) and WLTP which are more
challenging than NEDC. The required increase of CO2 reduction can only be
done by improvements on the engine level (reduced friction, more efficient
combustion methods, better turbochargers) and a hybridization which will fit
to the use-case. [26] introduced a modified ECMS for the diesel approach.
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ECMS is the ’equivalent-consumption minimization strategy’ and will mini-
mize the use of fuel and electric energy depending on a cost function which
takes into account CO2 and NOx emissions. The function has a weighting
for CO2 and NOx which can be modified to achieve the required fuel con-
sumption and emissions. In addition the ECMS was combined with a tran-
sient control from the air system dynamics. [26] described further potential
of the strategy with higher degrees of hybridization, other hybrid topologies,
predictive data of the navigation system or supporting the exhaust-gas after
treatment. [26] summed up that the combination of a low cost mild hybridiza-
tion with 48V and the ECMS with the transient control will reduce the fuel
consumption and the emissions significantly. This approach can contribute
to achieving the future targets of fuel consumption and emissions in the ho-
mologation and in addition in RDE and WLTP.
2.4.2 Electrical energy management
[27] showed an approach for a self-adapting and dynamic energy manage-
ment for the electrical power net. The idea of the thesis was inspired by the
increasing number of damaged batteries. The damage was caused by the in-
crease of required energy in the power net of the vehicle but without increas-
ing the power output of the generator. [27] stated that the electrical energy
management needs to make sure that the battery is always in good condition
and the engine cranking is possible without compromising the comfort of the
driver. A research about power net topologies and the necessary components
was done with the main focus on the conventional 12V power net. This also
included the physical relations and the additional fuel consumption cause by
the generation of the electrical energy. The electrical energy management
approach of [27] can be used for a small to medium number of consumers,
storages and producers and the capability of self-adapting will make sure that
the approach will work with different topologies and components. It is able to
fulfil the functional and the non-functional requirements. Functional require-
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ments provide the necessary SOC of the battery, to guarantee the capability
of engine cranking or the efficient generation of energy. On the other hand,
the non-functional requirements were important too e.g. the capability of
self-adapting, the scalability or the modularity. After the definition of those
requirements several strategies were introduced and verified with a power net
test bench and with the help of simulations. The verification of [27] also
showed that integration of new components is covered by the self-adapting
feature of the introduced electrical energy management.
[28] is a thesis about the modelling and parameterisation power net archi-
tectures in passenger cars. [28] outlined in one chapter the control of the
energy flow in an electric power net. However, this does not mean to con-
trol how much power is supplied to the machine or which SOC the battery
needs. It is the controlling of the routes the current can travel through the
power net. The term reliability and safety are explained in detail because
they are commonly used in manner but for the power net the difference is im-
portant. Reliability is defined as working properly within defined boundaries
for a specific time range. Safety is defined as to work properly and not to pro-
duce any danger to health, life and environment. The reliability and the fault
tolerance of a power net can be increased with the redundancy management
function[28]. There are different errors or malfunction which can occur e.g.
fail of a switch or short circuit. Those errors have to be detected in the correct
way. After the detection a proper way of reaction is needed like activating
the alternate path or switching the components to a fail-safe mode. In addi-
tion a localization and treatment of the error is necessary. To work properly,
the functions need information about the priority and a routing list of each
component. Otherwise the error handling will not work. Those insight are
important for a parent energy management function to have the proper error
handling which will be as complex as the strategy itself.
[29] is a publication about the development of energy management strate-
gies for electrical power nets in passenger cars. The whole development is
driven by the requirement of reducing CO2 therefore the generation, the dis-
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tribution and the consumption of the electrical energy have to be controlled
but within the economic, environmental and technical framework. [29] stated
that the first important part is the reliable delivery of the electric energy. As a
result, the dynamics within the power net have to be managed with compro-
mising comfort as less as possible in the power train. This means the reaction
to a dynamic change has to be comfort neutral and system-compatible[29].
This dynamic within the power net is called load alternation. The alternation
can be controlled with a delayed turn-on, a ramp up of the load or reciprocal.
If the control of the alternation is not possible, the reaction of the power net
components can be controlled e.g. the generator can ramp up its excitation
slowly to decrease the torque gradient on the combustion engine. Vice versa
the combustion engine can be used with a large torque reserve to compensate
a large torque gradient of the generator. As [29] describes too, changes in
the control strategy of the storage can be useful like the raise of idle speed of
the combustion engine to generate more energy and to prevent the discharge
of the 12V battery. The next part is the efficient generation and the use of
the electric energy. For an efficient use [29] suggests a splitting into different
sub systems for optimization. But those sub systems can be in competition
to each other which can influence the overall performance of the system and
this has to be prevented by the operation strategy. In order to work properly
the strategy needs several information like the driver demand, sensor values
or vehicle states. With all those values a forecast function can determine
the energy which is most likely needed and the electrical energy manage-
ment will fulfil the request. For efficient generation the energy management
needs detailed knowledge about the efficiency of the generator to determine
the working point in which the generator is most effective. As a last step [29]
evaluated economic models to use within the energy management and tested
those models on a hardware-in-the-loop test bench.
[30] described an energy management in conventional and hybrid passen-
ger cars as a contribution to the CO2 reduction. There are 2 parts within
the electrical energy management function: the power supply management
29
2 State of the art
and the power distribution management. The task of the power supply man-
agement function is to control the generation of the electrical energy. This
includes the working point demand for the generator, increasing or decreas-
ing load during different driving situations or monitoring the battery life. As
[30] stated a 1kW generator output can cause an additional consumption of 1l
to 1.4l per 100km. The power distribution management will control the dis-
tribution of the electrical power to the required loads based on the subsystem
or component level[30]. The power distribution management will also decide
which component or subsystem has the priority to ensure the functionality of
the vehicle. As soon as a second voltage level is introduced the degree of
freedom will raise because the energy management has to control the electric
machine, the DC/DC converter, the 12V loads, the high voltage loads and the
storage devices. The hybrid functions and their characteristics are another
important part of the energy management. The typical functions are recuper-
ation, motor assist and electric driving and they are depending on the voltage
level e.g. electric driving is not possible with low voltage systems but it is pos-
sible with high voltage systems. [30] also stated that the efficiency depends
on the amount of recuperation, more recuperation more energy available for
propulsion. But the battery will make or break the system performance. The
system performance and the energy management impose new requirements
on the battery like improved reliability and robustness, improved life cycle,
higher allowed dynamics or robust service life[30]. The size, volume and
weight reduction are expected and in addition an increase of efficiency and
cost-reduction.
[31] outlined the energy management within the overall power net archi-
tecture and stated the basic problem of today’s conventional power nets is
the increasing amount of electric loads. The required energy for those loads
must be generated during propulsion with the generator which will cost fuel
or through recuperation. During driving certain conditions may appear which
will have a negative charge balance. In this case, the consumption of the
power net is higher than the output power of the generator and the battery gets
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discharged. In certain cases this can be prevented by a temporary overload of
the generator. [31] stated that there are 3 parts to optimize: the generation, the
storage and the distribution. The following 3 managements result from those
3 optimization targets: battery management, generator management and con-
sumer management. Within the battery management it is essential to know
the exact status of the battery this includes states like the State of Charge, the
State of Health or the State of Function. The determination is mandatory and
the effort is very high due to many measurements and simulation for the right
application. An example is Stop/Start because the battery management has to
determine the latest possible moment to restart the engine before the SOC is
too low. The generator management will couple the combustion engine with
the generator to control the output power or to request a higher idle speed to
increase the power. The management can also decrease the output power to
increase the performance. The last part is the consumer management which
will decide which components will be activated or deactivated to reduce crit-
ical situations with negative charge balance[31]. This also includes environ-
ment and day time. The consumer management also takes quiescent current
into consideration because certain components need to be powered like the
central locking system or the receiver of the heating system. Those systems
have to be monitored to make sure the engine cranking is still possible.
2.4.3 Auxiliaries - operation strategies and electrification
[32] described an optimized operation strategy for auxiliaries in commercial
vehicles. This was necessary because the combustion engine is optimized
and new technological improvements will only improve the fuel reduction by
a small amount. This shows the necessity of optimizing other components
which cause fuel consumption e.g. the blower fan, the oil pump, the water
pump, the air compressor or the steering pump. Possible ways of utilization
are clutches for switching it on and off or fully variable pumps. Several steps
are necessary to find the optimum of the vehicle. The first step is the mod-
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elling part: creating the overall system at the vehicle level including the en-
gine with the combustion, the cooling system and the lubrication system[32].
Afterwards the models are validated with vehicle or test bench measurements
followed by the development of the operation strategy to finally create code
for it to test it in real life at the test bench or vehicle. The core message of
[32] is that optimization of cooling and lubrication will result in a benefit up
to 2% in a test cycle. A main reason is the worst-case design of the pumps
like the cooling and lubrication during full load. This design will also lead to
lower temperatures during partial load. The inertia must be considered due to
the size of the system to prevent engine damages. [32] developed a model-
based approach to reproduce the overall system in the simulation. With the
help of this simulation system behaviour with its load demand of the vehicle
can be predicted and the safety borders of each component can be used but
not exceeded. This approach is also used to convert the simulation model to
the code which is used for the engine control unit.
[33] outlined the approach for an electrical 48V coolant pump to satisfy
the highest thermal management requirements. The motivation to electrify
the coolant pump is to lower the CO2 emissions because the fleet target for
2020/21 has been adopted. Conventional pumps are connected with the belt
to the combustion engine and a fixed speed as a function of the engine speed.
As soon as the pump is electrified the belt can be eliminated which will re-
duce the fuel consumption and in addition the warm-up and the follow-up can
be improved as [33] stated. Another important part of the electrified pump is
the efficiency chain. It is mandatory that each part of the pump works in an
efficient way like the pump itself, the electric motor or the power electronics.
To be more efficient and to have a better performance in terms of pressure and
volume flow[33] suggests to use at least 48V for the electrified pump. Syner-
gies can be achieved within the cooling system like the thermostat due to the
electric coolant pump. There are several things which have to be considered
for the usage within the 48V power net. First part is the communication be-
tween management and pump. In case of the LIN communication a ground
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loss of 48V must not interfere the communication of other components[33].
2 separate ground connections are necessary if the pump has a connection to
48V and to 12V. The pump must work from 36V to 52V to use the full range
of the Lithium ion battery. In addition countermeasures must be taken to
avoid problems in under voltage and over voltage[33]. Several cycles like the
NEDC or WLTC were used within a simulation to show the improvement in
fuel consumption. The required energy to supply the pump should be recuper-
ated and not generated by the combustion engine otherwise the reduction of
fuel consumption will be lower. The total reduction consists of the improved
warm-up phase, the eliminated mechanical energy for the conventional pump
and improved temperature range which can be used during driving. [33] also
showed different aspect of designing the pump including the impeller design,
the use of magnets for the electric motor or the power electronics.
[34] published a paper about the vehicle integration of a new engine con-
cept for 48V and the opportunities for efficiency improvement and optimiza-
tion of the overall system complexity. This approach focuses on the reduction
of the system complexity of the combustion engine with the auxiliaries and all
other required components. [34] outlined the legal regulations of 95 g/km for
the fleet target of 2020/21, which is an reduction of 27% compared to the first
step of 2015. Due to the replacement of the NEDC, it becomes important to
focus on NEDC, WLTC and RDE. The change of the power net voltage up to
48V will raise the benefit with only a small cost increase. The 48V approach
can be utilized with different topologies: electric machine at the beld (P0),
electric machine connected to the crankshaft (P1), electric machine between
combustion engine and transmission with a clutch (P2), electric machine be-
tween transmission and differential (P3) and electric machine located at the
rear axle (P4). [34] described the advantages and disadvantages of the differ-
ent topologies. The next reasonable step is to remove the base engine pumps
and replace them by electrified ones or a combination of a small mechani-
cal one and a small electrified one. The introduction of the electrified pumps
will offer additional benefits like a more flexibly packaging, an improved
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warm-up or an after-run cooling[34]. An electric cam phaser and an electric
turbo charger can be added to improve the benefit too. The need of the vac-
uum pump is reduced because vacuum actuated components get replace by
electric actuated components like the waste gate and an electrified vacuum
pump is even more useful due to the demand oriented usage. [34] stated that
the 48V approach offers additional possibilities for thermal management and
NVH aspects.
[35] showed an efficient and cost-optimized drive unit for a 48V system
with the focus on the P2 architecture based on the publication[34]. The P2 ar-
chitecture allows a high recuperation potential and a great variety of features
like torque assist, electric driving or a simplification of the engine like a belt-
less design. [35] suggests a 48V electric machine with 20kW as the base for
this approach. This base will be able to drive several parts of the WLTC pure
electric and will recuperate a large amount of energy. A comparison between
different vehicle classes and topologies were shown and within P2, P3 and P4
a larger electric machine will have an increased recuperation potential. Due
to the available space a coaxial alignment of combustion engine and elec-
tric motor is advisable and for the traverse installation the parallel alignment
for the P2 topology. An engine developed for the P2 topology is indepen-
dent of the transmission type[35]. Afterwards several components were rated
and compared with a 12V stop/start system. The following components were
used: electric water pump, electric oil pump, ac compressor, power steering
pump, electric vacuum pump, electric camshaft adjuster, electric turbo and
electric catalyst. All changes resulted in a total of an additional 7.5% of fuel
reduction in comparison to a 12V stop/start vehicle. [35] stated there are
conflicting objectives between saving CO2 and the costs for electrifying the
auxiliaries depending on the segment and topology, but the hybridization at
48V and the electrification of the auxiliaries will be an appropriate method to
reach the 95g/km goal for 2020/21.
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2.5 Summary operation strategies
The section offered an overview about different approaches for the operation
strategies of a combustion engine with an electric machine. There are several
different approaches to realise the torque split like an online optimization or a
rule based strategy. Other variants had cost functions integrated to determine
the correct use of the electrical energy to save fuel and lower the emissions.
Furthermore the electrical energy management was discussed. Basically the
energy management controls the distribution of the energy within the system
boundaries like the SOC of the battery or the maximum current of the elec-
tric machine. In the last part the possibility of demand oriented auxiliaries
were outlined. The literature showed several ways to electrify different com-
ponents like the water pump, the oil pump or the AC compressor. But there
were no approaches how to control those electrified auxiliaries in detail, only
the necessity of electrifying the auxiliaries. The benefits of those pumps were
only calculated on an energetic basis without the use of an operation strat-
egy for those auxiliaries. Other approaches to control electrified auxiliaries
to optimize the thermal management were not found.
35

3 The power net
The chapter gives an overview of the conventional system, the 48V approach
and the parts of the system. Also the strategy and the cycles for fuel con-
sumption of vehicles are part of this chapter. The last part of this chapter will
be the existing approaches and future approaches.
3.1 Conventional System
The conventional system consists of a diesel engine, a 12V power net, a claw
pole generator, mechanical driven auxiliaries, a manual transmission and a
lead-acid battery. The energy flow (Figure 3.1) in this conventional vehicle




























Driving Driving resistance (17%)
Auxiliaries during Idling 1%
Mechanical energy
(32%) (25%)
Figure 3.1: Energy flow diagram of a conventional vehicle with diesel
engine[36]
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These values are a mixture of simulated and measured values. It starts
with the 100% used fuel and splits up into idling and driving. The driving
part will be divided into mechanical and thermal energy. This shows the
actual problem of combustion engines. Less then one third of the energy is
mechanical energy and with all the other losses only 17% are actually used to
overpower the rolling friction and the air resistance. On the other hand almost
two thirds of the energy is converted into thermal energy. The major part is
converted inside the cooling system and the other part is the exhaust system
and the exhaust gases. Those values show a great potential to reduce the
amount of inefficient use or unused energy inside the conventional vehicle.
3.2 The 48V Approach
The 48V power net is a new approach of several OEM’s to reduce the CO2
and to satisfy the increasing demand of the electrical power net of the vehicle
with a lower invest compared to the full hybrid approach. The 48V results
from the contact protection limit of 60V[37], this means 48V is the nominal
voltage of the system and with a safety buffer of 12V, the system voltage will


















Figure 3.2: Current vs. power at 12V and 48V
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In figure 3.2 the 12V and 48V are compared in terms of power and the
resulting current. It shows the current which the generator needs to produce
the needed power. A charging voltage of 14V was assumed for the 12V and
51.2V for the 48V power net. This figure also shows the limitation of the
conventional 12V power net in comparison to the 48V power net. The 48V
power net is capable of producing 12kW of power with 235A and the 12V
will only produce 3.3kW with the same amount of current. To increase the
possible output power there is a need for larger cable cross-section, which
will result automatically in higher costs and more weight.
The basic system consists of the lithium-ion batteries, the lead-acid bat-
tery, the DC/DC-Converter and the generator or the electric machine. Those
components will be explained in the next section. Those 4 components are
the minimum parts, which are required for the 48V system. The system can
be extended with other components, for example the electrified auxiliaries or
the generator can be modified to produce torque. Another possibility is to in-
clude high power consumers on the high voltage side to decrease the needed
current to operate them, e.g. an electric refrigerant compressor, the electric
roll stabilization, the electric steering systems and the front window heating.









Figure 3.3: Schematic structure and in-vehicle location
39
3 The power net
The location of the components inside our demonstrator vehicle are shown
in Figure 3.3. All electrical components have the same ground star point
which is located at the engine. The electric machine is a modified claw pole
generator which is capable of producing a power of 10 to 12kW at the 48V
level. The generator is separately excited and belt driven. The DC/DC con-
verter offers a power of 1.5kW and is able to use different sources with dif-
ferent input voltage level such as the electromechanical generator, the solar
panels or the thermoelectric generator. At the low voltage side lead-acid bat-
teries are used to provide the power to the starter for engine cranking. The
lead-acid battery will also buffer and stabilize the low voltage power net. The
last important component is the lithium-ion battery pack in the trunk of the
vehicle. The pack consists of several battery cells which are connected in se-
ries and in parallel to get the required nominal voltage, the maximum current
and the capacity. The pack has an independent battery management system
inside with cell monitoring and SOC calculation. A detailed look at the com-
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Figure 3.4: Architecture of the system[38]
40
3.3 Parts of the 48V System
The architecture of the system is shown in figure 3.4 and is described more
detailed in chapter 4. The converter has 3 inputs in this topology: the high
voltage input, the solar panels and the reuse of thermal energy. On the high
voltage side there is the possibility of several high voltage loads for example
electrified auxiliaries like the electric oil pump or the electric AC compressor.
On the other hand more low voltage loads are possible with this architecture.
In the case of a conventional start there is a switch to disconnect the lead-acid
battery and the starter of the power net to eliminate the voltage drop during
cranking. This topology also allows the DC/DC converter to be bidirectional
to supply the high voltage side and the low voltage side.
3.3 Parts of the 48V System
This section will give a more detailed view on the main components of the
48V system including measurements and parameters which will be later used
to create the simulation models.
3.3.1 Lithium-ion batteries
The lithium-ion battery is one of the major part of the system. At the be-
ginning of EE-VERT there was the need to decide which storage is the most
suited for the 48V approach. The selectable storages were the lithium-ion
battery, lead-acid battery, nickel-metal hydride batteries or double layer ca-
pacitors. The selected storage was the lithium-ion battery due to the most
advantages like packaging, energy density and self discharge[39]. The next
necessary selection was to decide the type of lithium-ion battery. Due to
availability of different battery type and the required properties of the cells,
the chosen battery type was a lithium iron phosphate battery. The selected
battery is a round cell with the name LiFeBatt X1P with a capacity of 8Ah
and its shown in figure 3.3.1. The selected cell type is very safe and robust.
More details on the cell including properties and measurements are shown in
subsection 4.4.2.
41
3 The power net
Figure 3.5: Selected battery: LiFeBatt X1P 8Ah
This section will give a brief overview about the lithium-ion batteries which
are used within this thesis and also within the project. The simplified structure
of a cell is shown in figure 3.6 and the working principle of the cell during
discharge (a) and charge (b). Each cell has the same 5 parts: 1: anode, 2:






Figure 3.6: Composition of a lithium ion battery[6]
LiC6
C6 +Li++ e− (3.1)
Li++ e−+FePO4
 LiFePO4 (3.2)
The equation 3.1 shows the chemical reaction on the anode and the equation
3.2 for the cathode. The anode consists of lithium graphite and the cathode
consists of lithium iron phosphate. Those materials will result in the norminal
cell voltage of U=3.3V. The electrolyte is made of an anhydrous solvent mix-
ture (e.g. polyvinylidene fluoride (-(C2H2F2)n-)) and conductive salts (e.g.
lithium hexafluorophosphate (LiPF6))[6].
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3.3.2 lead-acid batteries
This section will give a short overview about the lead-acid batteries. The
lead-acid battery is still an important part of the 48V approach. The battery
will be a part of the low voltage side and will stabilize the low voltage level
and will also supply the needed current for the conventional starter, due to the
limits of the DC/DC converter. The other reason to keep it, is the 12V level
itself. Every controller, load or other electronic devices are made for 12V.
Without the 12V, each part needs to be redesigned, which would be a huge
development and also the cranking of a cold engine needs the normal lead-
acid battery. The battery is capable of supplying the needed current and up to
now, there is no alternative to replace the starting battery for mass production.
Construction
The conventional lead-acid battery consists of 6 cells inside one pack. Each
cell has a nominal voltage of 2.0V and a charging voltage of 2.4V, this results
in a total nominal voltage of 12V and a charging voltage of 14.4V. As shown
Pb Pb
PbO2
Figure 3.7: Scheme battery construction
in figure 3.7 each cell consists of 2 electrodes. The negative electrode is a lead
electrode and the positive one is also a lead electrode but covered with lead
oxide and sulphuric acid is used as the electrolyte. Between the electrodes,
there is a separator, it prevents a possible short circuit. The lead-acid battery
is available with open or closed housing, which means with open housing
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the electrolyte is liquid and refillable. The battery with closed housing has
a concentrated electrolyte or a glass mat which absorbs the electrolyte and a
blow-off valve and the housing is sealed.
Usage
The lead-acid battery is mostly used as an energy storage for the conventional
vehicle power net and vehicle cranking. As soon as the requirements include
Stop/Start and recuperation a sealed battery with glass mats (AGM) is needed.
The AGM battery is capable to fulfil the higher demands in terms of charge
and discharge.
3.3.3 DC/DC-converter
The DC/DC-Converter connects the two power nets with each other. Due
to this connection, the conventional Generator is not needed any more. The
converter is capable of converting different voltage levels to the 12V power
net. This is needed to use all the different energy source available inside
the demonstrator vehicle. A basic layout of a DC/DC-Converter is shown in
figure 3.8. Number 1 are the filters and number 2 are the switches to turn
the phases. Those switches are most likely to be MOSFETs and these are
power electronic devices. Number 3 are the inductances, which are coupled
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with a magnetic compound, which is used to lower the current ripple. One
inductance and 2 switches will be one phase. The current ripple during con-
version will be lower with more phases and goes into saturation with 8 to 10
phases[40]. The converter has a buck and a boost mode, which means the
converter is bidirectional and is capable to support the LV (Low Voltage) side
with the available energy at the HV (High Voltage) side and vice versa. But
the voltage level at the HV side must be greater than the LV side to get the
converter to work.
The DC/DC-Converter will be able to supply the LV during normal oper-
ating mode. In the case of engine cranking several modes are possible. The
converter can be switched to idle to do nothing during cranking. Or it will
supply as much current as possible during cranking to stabilize the voltage
level. The 3rd option would be to separate the battery and the starter from the
rest of the power net. Then the DC/DC-Converter will cover the power con-
sumption of the power net without LV battery and the starter will use the LV
battery to crank the engine. Then there won’t be a voltage drop during crank-
ing inside the power net. More details on the system selection and modelling
the converter will be given in chapter 4.
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3.3.4 Generator
The generator is one of the most important parts inside the 48V system ap-
proach. The new generator is based on the conventional 12V claw pole gen-
erator, which is shown in figure 3.9. It is an externally excited synchronous
machine and the basic parts are: (1) pulley, (2) rotor, (3) rectifier diodes , (4)
field amplifier with the brushes for the slip rings, (5) housing A, (6) stator and








compartment. That is one of the major advantages to replace the conventional
generator with a new machine on a higher voltage level and the resulting
higher output power. The machine can be integrated with only few modifi-
cations inside the engine compartment. As previously in [38] announced, a
prototype was built. This first prototype was only a recuperation machine,
which means only generator mode and no motor mode were available. This
was enough for the first approach to get measurements on the generator test
bench, the system test bench and also inside the car on the roller test bench.
The pulley has a similar construction like the conventional pulley to use the
V-ribbed belt with 6PK. The housing A and B is milled from a solid alu-
minium block. The rotor is a claw pole rotor but in addition with permanent
magnet to influence the flux inside the machine. The stator was also based
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on the conventional 12V stator. The rectifier diodes were changed to work
with the higher voltage. The brushes of the conventional field amplifier were
still used, but the rest of the controller was removed and a signal generator
and a power source were used for the excitation of the machine. The machine
was only working in generator mode, but with additional power electronics
the machine can also work as a motor. In this case the engine start via belt
is possible and the machine could also assist the combustion engine during
different operation points. The motor mode has not been implemented as a






























Figure 3.10: Generator values at 40V[38]
In figure 3.10 (output current (IG), efficiency (eta) and torque (MD)) it
is shown the machine with an improved performance compared to the con-
ventional 12V generator. The machine is capable of around 11kW electrical
power during recuperation. The ratio used for this machine is 1:3 to get a
good trade off between maximum power output, torque and power output at
low speed.
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The machine now works only at the new voltage level and can not work
with 12V any more, which means there is only one power generation inside
the power net and it is connected to the high voltage level. The new generator
was able to be torque or voltage controlled and the maximum voltage used
inside the high voltage part was just around 50V. The voltage will stay below
60V DC, which is the maximum voltage level without additional technical
measures to avoid personal contact.
3.4 Strategy
The strategy of this system is to remove the auxiliaries which are directly
driven by the internal combustion engine. Those auxiliaries will be electri-
cally driven on 48V or 12V depending on the required power. Also the system
including different power source like the generator and the solar panels will
be used to supply the 12V power net inside the car with the help of the DC/DC
converter. The system also supports recuperation during braking, load point
displacement and conventional generator mode.
Using the recuperated energy to assist the internal combustion engine is
another strategy for the 48V system. But with this system there is the need for
a machine with motor and generator mode, which makes the machine more
complex in terms of active power electronics vs. passive power electronics.
This system approach also offers the possibility to increase the overall power
of the car. It is also possible to use a larger turbo charger, but there will be
some disadvantages at the lower RPM level and the electric motor will cover
up those disadvantages with additional torque. But then it must be ensured
that the battery has always enough state of charge to assist and the driver will




This section will give an overview of some existing driving cycles, which are
used to show the fuel consumption of a vehicle. There are also several new
cycles in development, but those cycles won’t be a part of this work. In each
sub chapter the used cycle will be shown including the characteristics of each
cycle like average velocity, top speed or stop phases.
3.5.1 NEDC
The first cycle is the NEDC, which means “New European Driving Cycle”
and this cycle is used for the reference fuel consumption of every vehicle sold
in the EU. Also the NEDC will be used inside this work to show the fuel
reduction with the new system approach. As shown in figure 3.11 the cycle is
a created cycle not a real one like for example the Stuttgart cycle.










Figure 3.11: Velocity curve NEDC
The cycle consists of 2 sections, section 1 is the city part and includes the
ECE R15 4 times (each 195 seconds), which is also known as UDC (Urban
Driving Cycles) and the section 2 is the urban/highway part and it is so called
the EUDC (Extra Urban Driving Cycle) with a length of 400 seconds. The
gears are defined for each part of the cycle which have to be used by cars with
manual transmission. Cars with automatic transmission will use the standard
gear shift program inside the vehicle. But as soon as the car with manual
transmission has a hybrid system, the gear selection can be done by the OEM.
49
3 The power net
The hybrid system must be capable of generating a positive torque to support
the internal combustion engine.
The table 3.1 shows some information of the NEDC, for example the top
speed or the average velocity inside the cycle. There are also some informa-
tion about stops and stops for Stop/Start. The number of stops for Stop/Start
shows the number of stops of the car and before each stop the velocity of the
car was 10km/h or higher. This could also be lowered but it depends on the
application of the OEM, but normally speeds below 10 km/h are considered
creeping or walking speed. There is no need to stop the engine.
Parameter Value
Average velocity (with stops): 33.60 km/h
Average velocity (without stops): 44.00 km/h
Top speed: 120.00 km/h
Average acceleration: 0.53 m/s2
Maximum acceleration: 1.06 m/s2
Average deceleration: -0.79 m/s2
Maximum deceleration: -1.39 m/s2
Amount of stops: 13.00
Amount of stops for Stop/Start: 13.00
Distance: 11.01 km
Time (with stops): 1180.00 s
Time (without stops): 887.00 s
Theoretical propulsion power to the wheels: 13.71 kWh/100km
Table 3.1: Parameters of the cycle
The distribution of different speed levels and the distribution of the stop
phases are shown in the figure 3.12. Those stop phases result from a velocity
of 0 km/h and the gear lever in neutral. The distribution of the speed levels is
divided in creeping/walking speed, different city speeds, urban and highway
speed limits.
For NEDC several conditions have to be fulfilled[2] to get a valid result
at the end of the test. The temperature inside the roller test bench has to
be between 20 and 30◦C and the vehicle can be preconditioned from 6 to
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36 hours, but the engine oil and coolant have to be the same temperature ±
2K[2]. The maximum tire pressure of the test vehicle can be up to 3 bar, but

















Figure 3.12: Distribution of velocity and stop phases
The state of charge of the conventional 12V battery is not considered and
the battery will be fully charged during preconditioning, which leads to the
use of intelligent generator control. The generator will not generate the cur-
rent during the cycle or only during recuperation phases. Also consumers
like radio or air conditioning will be disabled to consume less energy during
the cycle. As soon as the car has a hybrid system, the state of charge of the
traction battery is considered and the SOC at the end of the test has to be the
same like the SOC at the beginning of the cycle. If not, the SOC has to be
corrected after the end of the test to have a balanced energy consumption.
3.5.2 FTP75
The FTP75 (Federal Test Procedure) is the U.S. equivalent to NEDC and it
is one part to measure the mileage of vehicles for the U.S. market. Similar
to the NEDC, the FTP75 has several requirements for the test procedure. As
shown in figure 3.13 the whole test is 1877 seconds.
The test starts with a cold engine at 20 to 30◦C and this first phase lasts
505 seconds. The second part lasts until 1372 seconds (total cycle time). At
1372 seconds there is a hot soak phase which is not shown in the figure and it
will last 600 seconds. The last part is the same like the first part of the cycle
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but with a warm test. The 3 parts will be measured separately they also have
different weighting factors for the total gram per mile. The first part has the
weighting factor of 0.43, the second part a weighting factor of 1.0 and the last
part has 0.57 as weighting factor[41].









Figure 3.13: Velocity curve FTP75 (MPH converted into km/h)
Parameter Value
Average velocity (with stops): 34.08 km/h
Average velocity (without stops): 42.17 km/h
Top speed: 91.25 km/h
Average acceleration: 0.51 m/s2
Maximum acceleration: 1.48 m/s2
Average deceleration: -0.58 m/s2
Maximum deceleration: -1.48 m/s2
Amount of stops: 21
Amount of stops for Stop/Start: 21
Distance: 17.77 km
Time (with stops): 1877 s
Time (without stops): 1517 s
Theoretical propulsion power to the wheels: 15.04 kWh/100km
Table 3.2: Parameters of the cycle
As shown in table 3.2 the FTP75 is quite different to the NEDC in terms of
distance, stops, stop times and needed power. Each stop can also be used as a
stop phase for stop/start and has an average duration of 13.36 seconds, which
is almost 10 seconds less then the NEDC.
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The distribution of different speed levels inside the cycle and the distribu-
tion of the stop phases are shown in the figure 3.14. The distribution of 0
km/h to 70 km/h is pretty similar to the speed distribution of the NEDC, but























Figure 3.14: Distribution of velocity and stop phases
Figure 3.14b also shows the greater difference to the NEDC. The stop
phases are distributed more e.g. 29% of the stop phases are below 5 sec-
onds and also 10% of the stop phases are between 30 and 60 seconds. This
will result in a greater use of the 12V battery, due to the longer use of the
power net without the running engine and generator and more starts during
the cycle, but the FTP75 has fewer stops per kilometer than the NEDC.
3.5.3 CADC
The next cycle is the CADC, which means Common Artemis Driving Cycle
and it was developed within the ARTEMIS (Assessment and Reliability of
Transport Emission Models and Inventory Systems) project[42], which was
also an European funded project like EE-VERT. In figure 3.15 all parts of
the CADC are shown. The cycle consists of part 1 the motor start phase (72
seconds), 2nd part the urban phase (920 seconds), 3rd part the rural phase
(1081 seconds) and 4th and last part the highway phase (1067 seconds). The
parts of the CADC can also be used separately from each other or can be
combined in a new order to create e.g. daily profiles from Monday till Friday
and another one for the weekend.
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Figure 3.15: Velocity curve CADC
The first part is used to messure the cold start over-emission[42] and also
the start over-emission[42] itself. The highway part is as well as available as
a 130 km/h version. A gear shifting strategy for each part was developed too,
which takes several influences into account e.g vehicle mass, power, vehicle
usage etc.[42].
Parameter Value
Average velocity (with stops): 59.17 km/h
Average velocity (without stops): 66.17 km/h
Top speed: 150.40 km/h
Average acceleration: 0.54 m/s2
Maximum acceleration: 2.86 m/s2
Average deceleration: -0.59 m/s2
Maximum deceleration: -4.08 m/s2
Amount of stops: 27
Amount of stops for Stop/Start: 21
Distance: 51.69 km
Time (with stops): 3140 s
Time (without stops): 2807 s
Theoretical propulsion power to the wheels: 20.61 kWh/100km
Table 3.3: Parameters of the cycle
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The characteristics of the CADC are shown in table 3.3. The average ve-
locity is more than 20 km/h higher than in NEDC. Another important issue is
the acceleration and deceleration. The average values are pretty similar to the
NEDC and FTP75 but the maximum values differ a lot. The maximum accel-
eration and deceleration is almost 3 times higher than in NEDC. The higher
deceleration can lead to a lower or higher recuperation potential depending
on the used electric motor. The CADC has also stops which are not used for




























Figure 3.16: Distribution of velocity and stop phases
In figure 3.16 the distribution of the velocity during the cycle and the stop
phases are shown. The velocity levels are even more distributed than the
levels in the NEDC. The cycle has also more variants of the stop phases than
the NEDC, this also has an effect on the power net usage.
3.5.4 Stuttgart Cycle
The Stuttgart Cycle is a real driving cycle, which was developed by the
Robert Bosch GmbH and the FKFS (Forschungsinstitut für Kraftfahrwesen
und Fahrzeugmotoren Stuttgart)[43]. The cycle was created with different
routes through and around Stuttgart and includes all the necessary types of
driving like urban, rural or highway. The speed profile, which is shown in
figure 3.17, does not contain separate sections of speed levels like the NEDC,
but the route is representative for the driving in Germany[43].
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It can be used for real driving, for simulation and also on the roller test
bench, which is the main difference to the other cycles. Due to this factor, it is
possible to compare the influence of different drivers, trained versus untrained
or defensive versus aggressive driver for statistical analysis.












Figure 3.17: Velocity curve Stuttgart Cycle
The table 3.4 shows the characteristics of the Stuttgart cycle. The distance
and the duration are important for the cycle, but with this distance and dura-
tion the cold start phase loses some of the importance. The vehicle will stop
30 times and 24 are used for stop/start.
Parameter Value
Average velocity (with stops): 53.43 km/h
Average velocity (without stops): 63.34 km/h
Top speed: 157.85 km/h
Average acceleration: 0.59 m/s2
Maximum acceleration: 3.13 m/s2
Average deceleration: -0.55 m/s2
Maximum deceleration: -3.47 m/s2
Amount of stops: 29
Amount of stops for Stop/Start: 24
Distance: 60.98 km
Time (with stops): 4109 s
Time (without stops): 3466 s
Theoretical propulsion power to the wheels: 21.50 kWh/100km
Table 3.4: Parameters of the cycle
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The distribution of velocity and the stop phases are shown in figure 3.18.
The speed levels from 30 km/h up to 100 km/h are the majority speeds with
a 70% share, compared to the 87% of the NEDC. The stop phases are also
distributed more than in the NEDC. Almost one fourth are stop phases below






























Figure 3.18: Distribution of velocity and stop phases
3.5.5 WLTC
The WLTC (Worldwide harmonized Light-duty vehicles Test Cycle) is a part
of the WLTP (Worldwide harmonized Light-duty vehicles Test Procedure),
which will be the replacement of the NEDC for measuring CO2 emissions.
The cycle is more realistic then the NEDC and the speed profile is shown in
figure 3.18. Like the NEDC, the WLTC also consists of a urban, a rural and a
highway part. The urban part will be started with cold engine.











Figure 3.19: Velocity curve WLTC
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The table 3.5 shows the characteristics of the WLTC. The acceleration, decel-
eration and velocities are greater than in the NEDC, which results in a higher
dynamic. The cycle has less stop phases and the ratio of stop to drive phases
is smaller than the NEDC and less stop phases lead to a slight influence of
Stop/Start and as welle as the engine and the exhaust gas treatment will cool
down less. On top of that the length is more than twice as long as a cycle
time, 1.55 times longer than the NEDC.
Parameter Value
Average velocity (with stops): 46.53 km/h
Average velocity (without stops): 53.49 km/h
Top speed: 131.30 km/h
Average acceleration: 1.46 m/s2
Maximum acceleration: 6.00 m/s2
Average deceleration: -1.60 m/s2
Maximum deceleration: -5.40 m/s2
Amount of stops: 08
Amount of stops for Stop/Start: 08
Distance: 23.27 km
Time (with stops): 1800 s
Time (without stops): 1566 s
Theoretical propulsion power to the wheels: 17.37 kWh/100km
Table 3.5: Parameters of the cycle
The distribution of velocity and the stop phases are shown in figure 3.20. The
speed levels from 0 km/h up to 50 km/h are more than half of the speed ranges
with 52% share, compared to the 72% of the NEDC. Also the stop phases are
distributed more than in NEDC. 57% of the stop phases are longer than 30
seconds and 29% are shorter than 5 seconds.
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Figure 3.20: Distribution of velocity and stop phases
3.6 Existing systems and future approaches
This section will give an overview about different systems which are already
in production, planed for production or approaches for the future. Some of
the systems are similar to the EE-VERT approach, but others will differ like
the energy storage, the voltage level or the power net architecture.
3.6.1 48V/12V
Audi
Audi showed a variable approach to introduce the 48V power net step by
step[44], at the beginning with a partial 48V net and later the basic power
net will be 48V due to the price, package and weight. One approach is to
include a bidirectional DC/DC-converter and a 48V lithium-ion battery, but
the power generation is still at 12V. This version can be used to supply higher
power consumers, like the active roll stabilization. But as soon as more en-
ergy is needed, the 12V power generation will be replaced by a 48V ma-
chine. The machine will be a belt starter generator, which can be a motor or a
generator[44]. With the increased power availability more functions are also
possible. The standard features are a boost function (torque assist), recuper-
ation and engine off coasting. The possible additional features are electric
refrigerant compressor, electric creeping, electric parking or electric booster
compressor[44].
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BMW
BMW showed different approaches, how to integrate the 48V machine into
the power train[45]. 5 system topologies are possible: the belt starter gener-
ator, integrated starter generator (mounted on the crankshaft), parallel to the
drive shaft between clutch and torque converter, mounted to the transmission
input shaft between 2 clutches and the last one is the mounting parallel to
one of the transmission shaft inside the dual clutch transmission[45]. The
favoured solution in term of industrial feasibility (costs) is the belt starter
generator.
The 48V power net also includes the DC/DC-converter with 3.0kW con-
tinuous power and a lithium-ion battery with 12 kW charging power. The
standard features are similar to the other approaches: boosting (torque as-
sist), recuperation, engine off coasting and an improve stop/start (availability
and comfort). Additional benefits of the system would be the weight reduc-
tion due to decreased cable cross-section and the possibility to use electric
steering systems, electric roll stabilization, front window heating or a PTC
heater for the interior[45].
Kia
Kia published a press release to introduce their 48V system. The approach
combines the 48V power net with a 1.7l diesel engine and an electric booster
compressor[46]. The electric motor has 11kW and it is also belt driven. A
lead carbon battery with 0.4 to 0.7kWh is used instead of the lithium-ion
battery. The reason to use this battery is the possibility to recycle 98% of the
battery[46]. Due to the use of the electric booster compressor, the system will
get a larger turbo charger with 15 to 20 % more power and with the decoupled
charge pressure, the disadvantage of a larger turbo charger is eliminated. The
system will also offer recuperation, improved stop/start with the belt starter
generator and a weight reduction within the 12V system.
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Mercedes
Mercedes also published their view on the 48V system and the possible fu-
ture of the 48V at Mercedes[47]. 3 different system topologies are shown:
the belt starter generator, the integrated starter generator at the crank shaft
and integration in the dual clutch transmission which is called side-by-side
(SBS) at Mercedes. The different system will be used in different vehicle
categories. The power net consists of the electric machine, a bidirectional
DC/DC-converter, the lithium-ion battery and a smaller 12V battery. The
12V battery will be used to buffer peaks inside the conventional 12V power
net, which the DC/DC-converter will not be able to fulfil and to use some of
the conventional 12V consumer[47]. The system will offer the standard fea-
ture like boosting (torque assist), recuperation and improved stop/start. There
is as well the possibility to supply additional consumers like the extractor
fan, the electric compressor, the electric refrigerant compressor, the electric
water pump, the front/rear window heater, the active roll stabilization, the
electric power steering, the electronic stability program, the electric catalytic
converter heater and the AC blower[47].
Continental
Continental also introduced their own interpretation of the 48V approach. The
main parts are a water-cooled belt starter generator, a DC/DC-converter and
a lithium-ion battery. The system will offer the improve stop/start, coasting,
boosting (torque assist), recuperation and predictive driving with eHorizon[48].
The electric machine has 60Nm of start torque, 14kW mechanical peak power
(2s) and 4.2kW continuous mechanical power (1h)[48]. The DC/DC-converter
is air-cooled, bidirectional, scalable up to 3kW and the 12V side is able to
precharge the DC link capacitor. The battery pack consists of 13 pouch cells
with 10Ah each and the 14kW charge power and 11kW discharge power. The
battery has a weight below 9kg and a volume of 8dm3[48].
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Schaeﬄer
Schaeffler also published their version of the 48V system. 3 types of the ma-
chine were introduced: the belt starter generator, the integrated starter gener-
ator and the wheel hub motor with integrated torque vectoring[49]. The belt
starter generator has a maximum power of 12kW with their own belt tension
system. The power net consists also of the bidirectional DC/DC-converter, a
lithium-ion battery and the conventional 12V net. In addition to the standard
features like boosting, recuperation and advanced stop/start, new functions
are possible e.g. electric creeping, electric take off, parking or actuators for
the clutch, steering, roll stabilization or levelling system. The hydraulic will
be replaced by electromechanical devices[50].
IAV
The belt starter generator is the preferred solution at IAV[51] with 10kW
maximum power. The system topology with the integrated starter generator
is also a good solution but many changes are needed within the vehicle to get
the system to work. The belt generator does not have an integrated inverter
inside, due to the fact that IAV made an all in one package with lithium-
ion cells with a total of 560Wh, a DC/DC-converter and an inverter for the
belt starter generator[52]. The standard features like boosting (torque assist),
recuperation and coasting are possible with this system approach.
Valeo
Valeo also developed a 48V system with a belt starter generator, a bidirec-
tional DC/DC converter, an energy storage, enhanced stop/start, recuperation,
boosting and electric take off. The machine has a maximum power of 12kW
and a maximum torque of 55Nm[53, 54]. The first published version of the
machine had a separate inverter[54], but they also developed a version with
integrated inverter[55]. The air cooled DC/DC-converter has a maximum
power of 2.5kW at 14.5V[55]. Valeo showed 2 different energy storages for
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the 48V system. The first one is the lithium-ion battery with 180 to 270Wh
and the second one is a DLC pack (double layer capacitor) with 200kJ[55].
3.6.2 Double layer capacitor with 12V
Mazda
Mazda introduced the i-LOOP (intelligent energy loop) system for the Mazda
6. The system started in 2016 and it decreases the fuel consumption during
stop-and-go phases by 10%[56]. The system adds 9.5kg to the overall ve-
hicle weight. The i-LOOP consists of a generator, a double layer capacitor
(DLC) module, a DC/DC-converter and the 12V power net. The generator has
the same weight and volume like the conventional but it is capable of multi
voltage. It can deliver power between 12 and 25V[56]. The generator will
charge the DLC module during recuperation and with the help of the DC/DC-
converter the electric loads will be supplied with energy. The converter will
deliver up to 50A at 14.5V. If the power consumption is lower, the remaining
energy will be used to charge the conventional 12V battery. The generator is
also used to stop the engine at a certain crank shaft angle for an improved and
faster restart after the stop phase[56].
3.6.3 Systems with a 12V lithium-ion batteries
Mercedes
Mercedes replaced the conventional 12V batteries in the S63 AMG and in the
S65 AMG with a lithium-ion battery which they used in the Mercedes SLS
AMG Coupé Black Series. The battery has 78Ah, weights 20kg less due to
replacement of 2 lead-acid batteries, is smaller than the original battery and it
is less influenced by the cold[57]. The rest of the power net remains the same
like in the other cars.
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Porsche
Porsche has offered a replacement starter battery for selected models since
2010. The cars are delivered with 2 batteries, the conventional 12V lead-acid
battery and the lithium-ion battery. The lithium-ion battery has 4 LiFePO4
(lithium iron phosphate) cells with a total of 18Ah and integrated power elec-
tronics with the battery management system. The battery weights only 6kg
which is 10kg less than the conventional 60Ah lead-acid battery Porsche uses
in those vehicles[58].
3.7 Summary power net
The chapter shows several components and the influence of the vehicle power
net. First the conventional power net is shown, followed by the 48V approach
including the new components for 48V. The different cycles are also shown,
which were used inside the simulation to compare the fuel consumption of the
different modifications. As well the development of the 48V in the industry
is shown with several different approaches like a power net with double layer
capacitors or a lithium-ion battery at 12V. And more development is going on
and the first mass production cars with a full 48V power net will start soon.
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This chapter will give an overview about the overall system including the
selection of the right power net topology, the system boundaries and the ex-
changed auxiliaries with the modelling, the simulation and the validation of
those auxiliaries.
4.1 Topology selection
4.1.1 The conventional 12V power net
As a first step for the selection, the basic 12V power net must be considered.
The conventional power net is shown in figure 4.1 and consists of the fol-
lowing parts: a generator with controller, a lead-acid battery with a battery
sensor, a starter and different loads e.g. ECU, window heating, lights and so
on. As shown in the figure every part is directly connected with the same
G S 1 2 X
Figure 4.1: The conventional 12V power net (simplified)
voltage level and the same ground. This also means a disorder in one of the
components will influence the other components e.g. the voltage drop during
engine cranking. The generator needs a regulator to supply a constant voltage
in each working point to charge the battery and supply the power net. State of
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the art generators can produce up to a maximum of 250A. This will already
stress the cable of the power net. To counteract this problem, the cable cross-
section has to be increased, but this will result in an increase of weight or new
cable materials have to be used, which will also be more expensive.
The battery is a lead-acid battery with a capacity of 60 to 80Ah in a con-
ventional mid class car like the demonstrator vehicle of EE-VERT. AGM bat-
teries are used for 12V power nets with recuperation and stop/start feature.
More details to lead-acid are shown in section 3.3.2.
4.1.2 48V topology 1
The topology 1, which is shown in figure 4.2, is an easy way to introduce the
48V to the vehicle in mass production. In this topology only 3 new compo-
nents are needed: the DC/DC converter which needs to be a boost converter,
but also a buck/boost converter can be used, the second one is the lithium ion
battery and the high power load.





Figure 4.2: 48V power net topology 1
The conventional generator will supply the 12V power net, which will re-
main stock like in every other car. To the 12V power net a boost or a buck-
/boost converter will be added. This DC/DC converter will convert the 12V
into 48V to charge the 48V lithium ion battery at the high voltage level. The
high power load(s) Y will use the Lithium-Ion battery as a power source. The
conventional loads 1 and X are still at the 12V level.
66
4.1 Topology selection




• conventional power supply at
12V
• low cost
• no changes in the beltdrive
• limited continuous power
• low recuperation potential
• no torque assist
• only conventional engine start
This architecture offers a low cost solution to introduce the 48V inside the
vehicle, due to the use of a conventional generator, which also leads to the
use of the unmodified belt drive. With the conventional power supply at 12V,
the power net is identical with the standard power net and if errors occur at
48V, the car will still be usable, because the generator is a 12V machine and
will supply the needed energy.
This topology only offers a limited continuous and peak power output due
to the 12V generator, e.g. with a 180A generator the maximum power output
will be around 2.5kW and the DC/DC converter will also be at this power out-
put. The limited recuperation potential is also a disadvantage. The energy can
only be stored inside the lead-acid battery, because the DC/DC converter is
not fast enough to convert to 48V. With the use of the conventional generator,
engine start and torque assist are not possible.
4.1.3 48V topology 2
The topology 2, which is shown in figure 4.3, generates the energy on the
high voltage side, which means the generator moves from the low voltage side
to the high voltage side. In addition to the generator, the low voltage lead-
acid battery gets removed. This topology also uses a bidirectional DC/DC
converter. For the normal usage, the buck functionality will be used and in
terms of an empty high voltage battery, the boost functionality can be used. It
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is also possible to do the first time battery charge inside the production plant
with this boost functionality. Both types of loads, high and low voltage side,
are supported. The conventional loads 1, 2 and X are still at the 12V level.





Figure 4.3: 48V power net topology 2
The following summary shows the described advantages and disadvantages
of this topology.
advantages disadvantages
• high continuous power
• high recuperation potential
• torque assist
• belt start possible
• no redundancy/buffer at 12V
• high requirements for the
DC/DC
• limits in cold start
• changes in the beltdrive
This topology is in-between the minimal 48V integration (topology 1) and
the full 48V integration like topology 3. The conventional lead-acid battery
can be replaced by a new 48V lithium ion battery, which means no additional
space inside the vehicle is necessary, but the battery needs to fulfil higher re-
quirements in terms of temperature resistance and size. With the replacement
of the 12V battery, there is no buffer at the 12V level. As a result, the loads
have to be more resistant against voltage ripple and there is no redundancy
of the energy storage. Also due to this topology, the requirements for the
DC/DC-converter are higher than normal. The converter demands to supply
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the needed energy during cold start, which is the biggest challenge. The 48V
machine allows to have a high continuous power supply and also a high re-
cuperation potential due to the higher voltage. The topology enables a torque
assist and a belt start with the belt-starter-generator (BSG). For this reason,
the start will be faster and a reduction of fuel consumption is possible.
4.1.4 48V topology 3
The topology 3, which is shown in figure 4.4, keeps all the components of the
conventional 12V power net, including the 12V lead-acid battery. The lead-
acid battery can also be replaced with an AGM battery or a 12V lithium ion
battery, but this is not necessary for the application. The DC/DC converter is
a buck/boost converter, which will supply the 12V level. The converter can
also be used to do the initial charge of the 48V battery with a 12V power
source. The power generation will be at 48V like topology 2 and also both
types of consumers are usable.





Figure 4.4: 48V power net topology 3
Topology 3 is the full implementation of the 48V approach. The topology
will have 2 starting devices, the conventional starter and the electric machine
via belt (BSG), due to these 2 devices starting is still possible in case of an
error in one of those starting devices. The generator on the 48V side also
offers a higher recuperation potential and a higher continuous power output
than topology 1 or the basic power net. The BSG will be able to assist with
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additional positive torque during driving. The power net at 12V will work
like the conventional power net and with the lead-acid battery still in place,
the buffering will be done by this battery. The conventional loads 1, 2 and X
are still at the 12V level.
The following summary shows the described advantages and disadvantages
of this topology.
advantages disadvantages
• 2 start devices possible
• high continuous power
• high recuperation potential
• torque assist possible
• belt start possible
• power net buffer
• integration effort
• higher costs
• changes in the belt drive
• starter still needed depending
on the engine type
In contrast, the topology has a higher integration effort by the increased
amount of components and the resulting additional costs. The belt drive needs
also changes due to the higher load in terms of negative and positive torque
during driving and the cranking of the engine. Other components which are
belt driven may use a second belt due to those additional loads. The necessity
is given to have also a conventional starter depending on the engine type for
example amount of cylinders or fuel type.
4.1.5 48V topology 4
The topology 4, which is shown in figure 4.5, can be used in 2 different ways.
First one will only have a generator at 48V without the motor mode. For this
reason, the conventional starter and the 12V battery can be separated from
the power net. This switch prevents the voltage drop while cranking and the
power net will be supplied by the DC/DC converter.
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Larger engines will increase the need of using the second variant of this
topology, because the BSG might not be able to start the engine at very low
temperatures and larger engine displacements in particular 6 or 8 cylinder
diesel engines. Within this variant, the conventional starter will be used to
start the cold engine and for restarts the BSG will be utilized. The layout of
the conventional starter can be changed due to the decreased amount of starts,
because it will only be needed for cold starts. The demands on the belt drive
will also be lower, if BSG cold start is not needed. The conventional loads 1,
2 and X are still at the 12V level.





Figure 4.5: 48V power net topology 4
The following summary shows the described advantages and disadvantages
of this topology.
advantages disadvantages
• cold start without voltage drop
• high continuous power
• high recuperation potential
• power net buffer
• V1: less power electronics
• V1: lower costs
• V2: torque assist possible
• V2: belt start possible
• V2: 2 start devices possible
• integration effort
• V1: no belt start possible
• V2: higher costs
• V2: changes in the belt drive
• starter still needed
• more wiring needed
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Topology 4 can be used in 2 different ways. The topology V1 has only a
48V generator and the V2 has a 48V BSG, apart from that there is no differ-
ence between V1 and V2. The V1 will have the same recuperation potential
than topology 3 but lower system costs due to less power electronics and
other modifications at the generator. In this variant the machine can only gen-
erate negative torque and no positive torque. With this type of machine, the
belt start will not be possible and the conventional belt drive can be used. The
conventional starter is mandatory in this variant and there is also an integrated
switch to split up the starter and the 12V battery from the rest of the conven-
tional power net. This will improve the impact of the voltage drop during
engine cranking. The DC/DC converter will supply the other part of the 12V
power net during engine start and after the engine is running, the battery will
be reconnected to the 12V power net and will be used again as a storage, a
source and a buffer.
The variant V2 can be used for vehicles with larger engine displacement or
6 cylinders and more. With this variant cold start will be possible for those
engine and as soon as the engine has the right temperature, the BSG will be
used to do the restart in stop phases. The voltage drop during engine cranking
with the conventional starter is also eliminated. The BSG can assist during
acceleration phases and in case of a failure in the BSG or starter, the engine
cranking will still be possible with the second start device. In contrast to the
advantages, this variant will be the one with the highest costs, because all the
new 48V components are included and also some additional components on
the low voltage side. The use of the BSG makes it necessary to redesign the
belt drive, due to the changed requirements to the belt drive for this system
approach, like span forces and tensioning of the belt.
Both variants of topology 4 are able to handle the high power loads on the




4.1.6 48V topology 5
The topology 5, which is shown in figure 4.6, will use double layer capacitors
(DLC) instead of a lithium ion battery, but the other components are the same.
A BSG will be on the 48V side and will generate energy and will be able
to produce positive torque to assist the internal combustion engine. Higher
power loads on the 48V level are also supported.
The bi-directional DC/DC converter will be the connection between 48V
and 12V. The conventional power net will have a conventional starter, a lead-
acid battery and normal loads like ECU’s or radio (loads 1, 2 or X).





Figure 4.6: 48V power net topology with double layer capacitors
The following summary shows the described advantages and disadvantages
of this topology.
advantages disadvantages
• higher power density
• lighter management system
• easier determination of SOC
• higher lifetime
• less energy density
• self-discharge
• SOC ∝ OCV
• higher requirements for EM
• higher requirements for DC/DC
One main advantage of the topology is the high power density, which is
approximately 10 times higher than with lithium ion battery but in contrast
the energy density is approximately 25 times lower than lithium ion battery.
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As well the DLC pack will need a less complex management system than a
battery pack and the determination of the SOC is easier because the SOC is
proportional to the OCV. The DLC’s have also a higher lifetime than Lithium-
Ion batteries using the same energy throughput and load collective.
This topology has also several disadvantages, the self-discharge of DLC’s
is higher than the self-discharge of lithium ion batteries. The proportionality
of SOC and OCV is problematic in terms of charge/discharge and using the
maximum limits of the machine. This means at a low SOC the maximum
power will not be reached due to the low voltage and the maximum current of
the machine. But at a high SOC the voltage is high and the current gets limited
by reaching the maximum power limits. This can be solved by using bigger
DLC’s and a smaller range of used SOC, but than the size, the weight and the
prize will increase. In addition to that, the EM and the DC/DC converter must
be capable in using a wider range of input voltage on the high voltage side and
this will result in a more complex inverter of the EM and power electronics
inside the converter.
4.1.7 Summary for the topology selection
All topologies have their advantages and disadvantages and to select the right
topology for the approach a comparison is needed. Within table 4.1, the com-
parable features, advantages, disadvantages and limits are listed. Topologies
1 to 5 are listed as T1 to T5. Topology 4 is rated without a BSG as stated in
section 4.1.5 as V1. As stated in section 3.3.4, the 48V generator will produce
around 250A and the conventional generator inside the demonstrator vehicle
only 180A, which is only 72% of the 48V machine. The increased voltage
from 12V to 48V will also raise the amount of available power in terms of the
continuous power output and also of the recuperation power which is almost
5 times higher than the 12V machine.
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Cycle T1 T2 T3 T4 T5
Integration effort low medium high high high
Power generation at 12V 48V 48V 48V 48V
Costs low medium high medium high
Belt drive changes no yes yes yes yes
Continuous power low high high high high
Recuperation
power
low high high high high
Torque assist no yes yes no yes
Engine start 12V 12V/48V 12V/48V 12V 12V/48V
Cold start yes limited yes yes yes
Demands DC/DC
Conv.
low high low medium high
Storage redundancy no no yes yes yes
Starting device re-
dundancy
no yes yes yes yes
Power net buffer no no yes yes yes
Table 4.1: Comparision of the 48V topologies
2 preferred topologies are suitable for the EE-VERT approach: topology 3
(section 4.1.4) and topology 4 (section 4.1.5). Both topologies will use a 48V
machine and no 12V machine, to get a higher recuperation potential for the
needed CO2 reduction. Topology 3 will be the preferred solution for a BSG,
which will be able to produce positive and negative torque and topology 4
can be used with a 48V generator, which will only generate a negative torque.
This topology can also be used with a BSG but this is not necessary. Both
topologies have a storage redundancy and the conventional 12V battery also
works as a power net buffer to support the DC/DC-converter. Topology 4
will cost less than topology 3 due to the 48V generator instead of the 48V
BSG and the unneeded changes in the belt drive design. Topology 2 is not
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suitable for the EE-VERT approach due to the high demands of the DC/DC-
converter and the resulting costs. Also the developed sample was not capable
of fulfilling the necessary performance to supply a 12V power net without
lead-acid battery.
Topology 4 V1 is the selected one for the power net architecture within
the simulation model because of the goal of the EE-VERT project: to find a
solution with the best cost - benefit ratio, which will be achieved by topology
4. In terms of the most benefits, topology 3 is in the lead, due to the increased
customer benefits like engine starting with the BSG or the increased system
power. Topology 1 will only be an intermediate step to integrate 48V into a
vehicle with high power loads, but less effective than topology 3 and 4.
4.2 System boundaries
The system boundaries get defined by all the 48V components and the parts of
the car like the internal combustion engine which are influenced by the 48V
components. The most important issue is the functionality of the internal
combustion engine. The electric machine is the only component which has a
direct impact on the ICE, which means the torque at certain RPM levels has
to be taken care of. For example the maximum negative torque produced by
the electric machine at the idle speed has to be limited to prevent an engine
stall by the electric machine.
With the assumption MICE Reserve ≥MEM · i at idle speed, there is a result-
ing maximum current Iidle which can be produced by the electric machine.
Maximum power output of the electric machine during idling:
PEM =U48V Battery · Iidle (4.1)
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This power (4.1) will define the maximum input power at the DC/DC con-
verter input and the resulting output power at the 12V level:




The output power of the DC/DC converter must be equal or greater than
the needed power of the power net:
PLV ≥ PPN =U12V · IPN (4.3)
A minimum calculation with 4.1, 4.2 and 4.3 can be done to determine the
minimum torque required with the assumption of 250A maximum current at
the 12V level to compensate the power net consumption.
τEM =
PEM mech
2 ·pi ·n =
PEM elec
2 ·pi ·n ·ηEM =
U12V · I12V
2 ·pi ·n ·ηDCDC ·ηEM (4.4)
The electric machine needs to generate around 20Nm at idle speed to pro-
duce the needed power. If the combustion engine is not able to generate
MEM · i, then the batteries at 48V and 12V will be discharged.
The recuperation torque needs to be limited as soon as the engine speed
reaches the idle speed to prevent the engine stalling. Also the recuperation
must be coupled to the clutch state and the recuperation torque shall be re-
duced to zero as soon as the clutch is opened. As a result of that, the gear
shifting strategy for an automatic transmission must be updated for the max-
imum recuperation potential.
The system will also get characterized by the electrical power each compo-
nent will need. The following equations will show the individual dependen-
cies for each part and the electrical system.
The electric machine:




PHV =U48V battery · IHV (T,SOC) (4.6)
PLV =U12V · ILV (IHV ,ηDCDC) (4.7)
The 48V battery:
P48V battery =U48V battery · I48V battery(T,SOC,Q) (4.8)
The loads:
P48V loads =U48V battery · I48V loads (4.9)
P12V loads =U12V · I12V loads (4.10)
Those different powers will add up to the complete power available inside
the vehicle. The power of a source will have a positive value and sinks will
have a negative value.
Motor mode:
P48V battery−PEM−PHV −P48V loads ≥ 0 (4.11)
Generator mode:
P48V battery +PEM−PHV −P48V loads ≥ 0 (4.12)
This defines the maximum power available at each part inside the power net.
This will also define the maximum available current.
Motor mode:
I48V battery− IEM− IHV − I48V loads ≥ 0 (4.13)
Generator mode:
I48V battery + IEM− IHV − I48V loads ≥ 0 (4.14)
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4.3 Modelling of the components
4.3.1 Generator
The generator, which is used, was selected within the project[40][59]. This
selection will also be used as a base for this thesis. The selected machine is
a claw pole generator with permanent magnets and it fulfils all the necessary
requirements like the power output at the idle speed or the maximum constant
power output. After the official end of the project, several OEM decided to
use 48V approach instead of 40V and due to this fact the models within this
thesis are usable within a 48V power net. The model is based on a 12V
claw pole machine like the original. The functionality of the machines are
in principle the same, just different voltages, currents, torques, inductance,















Figure 4.7: Physical model of the generator and the exemplary generator map
of the signal flow oriented model like models in Simulink R©. This means, the
model will be described by physical units to define the behaviour and function
of the model. The generator model, which is shown in figure 4.7a, will be
described by the torque MEM , the torque M which supports the housing to the
engine and the electrical power P. At this top level the output torque of the
generator will be a result of the used power. The model has also an input y
for the controller to define the amount of excitation needed for the generator.
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The dependence of the power and torque is defined within the model. The
maps of the machine will be used as a base for the physical behaviour, which
are shown in figure 4.7b. The dashed line shows the maximum torque versus
the speed of the electric machine. This goes hand in hand with the bold
line, which represents the maximum current versus speed. The doted lines
within the bold line are the efficiency lines, which will specify the efficiency
at each current versus speed. The derivation of the angle φ will define the
rotation speed ω of the generator shaft and the rotor. The duty cycle of the
excitation gets calculated within the controller with the voltage setpoint and
will be used to calculate the generator current. This calculated current will
be limited by the maximum current of the machine. This current and the
generator voltage will then be used to calculate the electrical power of the
machine. The electrical power as an input for the efficiency map will now
determine the mechanical power of the machine. As a last step the mechanical
power and the speed of the machine are used to calculate the torque output of
the machine.
4.3.2 Battery
The equivalent circuit of the battery, which is shown in figure 4.8, will be
used to describe the functionality[60]. It consists of a terminal voltage model
including the internal resistance RI , the RC part (RP,CP), the selfdischarge
(Rsel f discharge) and a voltage source (UOCV ). The elements for RI , RP and CP
are depending on SOC, temperature and age of the battery. Only SOC and the
temperature dependence are included inside the model. The influence of the
age is not necessary for this model and the system approach. Those values
were measured with the impedance spectroscopy at different temperatures
(20◦C, 30◦C and 40◦C) and SOC’s (20%, 50% and 80%).
The next part of the model will determine UOCV versus SOC and the change
of the SOC during charging/discharging. The UOCV was measured at a bat-
tery test bench and more detailed information about the measurements can be
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found in section 4.4.2. The SOC discharge was implemented inside the OCV





Figure 4.8: Equivalent circuit of the lithium ion battery
This characteristic needs to have a high amount of interpolation points, be-
cause of several plateaus in this curve, which could cause numerical problems
during the simulation.In figure 4.9, the OCV vs. SOC is only valid for a single
cell, which leads to the necessity to create the desired battery pack.














Figure 4.9: Measured voltage versus SOC
The currents gets calculated with the derivation of the SOC, an efficiency
for charge and discharge and the capacity of the battery. The derivation of the
SOC can also be replaced by the energy going in and out of the battery.
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The size of the battery pack is defined by the data sheet values listed in
section 4.4.2 and the needed values for the maximum performance of the
electric machine with the other electric components like the DC/DC converter
or the electrified auxiliaries and the maximum voltage of the pack with a
safety margin for the contact protection limit of 60V[37].
Idischarge max = 4C = 32A





nbattery pack = 48VUcell = 14.55
nbattery pack max = 60VUcell max = 16.44
The measured single cell will lead to a pack with 14 cells in a row and 8
in parallel and in a total amount of 112 cells. This battery pack will have
a nominal voltage of 46.2V, a maximum voltage of 51.1V, maximum charge
current of 256A, a capacity of 64Ah and an energy content of around 3kWh.
The battery pack will satisfy all the specified properties.
4.3.3 DC/DC converter
The DC/DC converter is created as a buck converter, which means it can con-
vert the energy only from higher voltage to the lower voltage. A buck/boost
converter is not necessary for the simulation, because the features realised
with the boost converter are not important for this thesis. Even multiple in-
puts, like solar panels or thermoelectric generator (TEG), will not be consid-
ered. The DC/DC converter is implemented as a simplified equivalent circuit
and is shown in figure 4.10.
The main part of the converter is the transformation block, which describes
the voltage conversion from the high voltage level to the low voltage level.
The voltages UHV and ULV , the power Pset and u(t) of the PID controller
are inputs for the calculation. Based on Pset and UHV the losses Ploss will
be determined. Those losses include for example the losses of the core, the
switching losses or the conduction losses.
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Pout = f (Pset ,Ploss,U)
Pset
Pout
Figure 4.10: Implementation of the DC/DC converter
The PID controller will get a feedback of the actual output power Pout to
calculate the difference between Pout and desired Pset and the controller will
adjust the output u(t) to minimize the delta/error. ULV and Pout will be used to
calculated output current ILV and Pout , Ploss and UHV to determine the needed
input current IHV . Two buffer capacitor (CHV and CLV ) will be placed at each
side of the DC/DC converter.
4.3.4 Pumps
Due to the fact, that this simulation is not a optimization problem but rather
a proof on concept, the conventional oil and water pump will stay in place
and the connection to the internal combustion engine will be removed and the
drive of the pumps will be connected with electric motors. The vacuum pump
will be replaced by a new electrified vane pump, which is also used inside the
demo vehicle. The technical data of the pump was available and implemented
with several maps like Pelec vs. ∆p.
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The next step needed for the oil and water pump, is to find a suitable electric
motor. As a base, engine speed profiles of different cycle (Section 3.5) will be
used to determine the needed maximum torque and thus the resulting electric
power needed for the drive of the pumps. Also the oil pressure, which is
shown figure 4.11 or the volume flow rate of the water pump were considered
in those profile.




























Figure 4.11: Speed and pressure profile for NEDC
This approach to model the pumps will only be a worst case approximation.
The pumps and electric motors will not be optimized nor change during the
simulation. As a result of that, the electric power needed for the pumps will be
higher than an optimized pump and also the fuel consumption will be higher.
Each pump will get a desired speed signal (ωdes) from each pump controller
(Section 5.3). This speed signal of the pumps will be used to determine the
needed torque of the pump at each step and the resulting current, which is
needed to drive the pump with the electric machine.
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4.4 Validation of the components
4.4.1 Test bench
The generator test bench, which is shown on picture 4.12, was used to de-
termine the parameters, like maximum torque and current. Those parameters
were used for the modelling the generator simulation model and also for eval-
uation of the simulation models. The test bench is able to measure the torque
Figure 4.12: Generator test bench / power net test bench
of the generator shaft, the voltage at the bolts and the current which is needed
or generated. Different profiles, static and dynamic, can also be applied to
determine the behaviour of the generator in certain conditions. Due to this
new type of generator, z-diodes were mounted to the output of the electric
machine to cover the load dump in case of an error.
The DC/DC converter test bench is also a component test bench like the
one for the generator. The current sources and current sinks are the main
parts. For each voltage level, a source and a sink will be used to create the
needed part of the power net. The DC/DC converter will be connected to the
two power nets and both modes forward and reversed can be used now. A
computer with a can communication will control the DC/DC converter. A
voltage sensor and a Hall sensor for current measurement are placed on the




The battery test bench has integrated power electronics, in principle a sink
and a source, which allows to apply high dynamic voltage and current profile,
like shown in picture 4.19 section 4.4.2.
It is capable of single cell testing and battery pack testing, further mea-
surements of double layer capacitors or other types of batteries like a Sodium
Nickel Chloride battery. The voltage will be measured at the battery terminals
and if a pack is used, additional voltage measuring and temperature points can
be applied. Each cell or battery pack will be in a safety chamber in case of the




Several characteristics needed to be measured to have enough data for the
simulation model. Some exemplary curves, which were measured, are shown
in figure 4.13. For example the maximum generator torque MD or the maxi-
mum generator current I.













































Figure 4.13: Exemplary curves of the generator at 80◦C
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The efficiency η at maximum output or the losses at zero external excita-
tion are also shown. The specific efficiency was a part of the measurements
too, to get an efficiency map at different speeds and output currents. An-
other essential part was the step response of the generator, to experience the
controller behaviour of the generator.
Lithium-Ion Battery
The testing of lithium cells were the first step. The single cell testing will be
the base for the simulation model and for the complete battery pack, due to the
limited amount of information available and the limited experience with this
new type of battery. The mandatory goals are finding the right battery for the
approach, proving the data sheets of the batteries, experiencing the electrical
and thermal behaviour and last of all the determination of the real charge
and discharge acceptance of the lithium ion battery. It was also important to
know the amount of capacity the battery can reach in charge and discharge
to determine the efficiency of the battery. Generator and DC/DC converter
measurements were also measured within this thesis and the results shown in
this subsection were used as a base for the simulation models described in
section 4.3.
Characteristics and boundaries for battery testing
The characteristics of the battery are shown in table 4.2. Those values are
the data sheet values which are given by the manufacturer. The other val-
ues can be found at the appendix A.1 including fast discharge curves with
200A and 160A. The battery has a height of 123mm, a diameter of 38mm







Typical Voltage 3.3V @ 10mΩ
Cut Off Discharge Voltage 2.0V
Maximum Discharge Constant 25C (200A)
Maximum Charge Current 4C (32A)
Table 4.2: Battery characteristics
Table 4.3 shows the testing boundaries. Each test is done within those
boundaries to be reproducible and to stay within the limits given by the man-
ufacturer. It is necessary to observe those rules to make sure the battery will
not be damaged or will not age faster. This was the reason that the cut off
voltage got increased by 0.5V, because deep discharge can harm the battery.
All tests were done in a temperature cabin to maintain a constant environment
during the measurement.
Type Value
Temperature 20◦C constant (cabin)
Cut Off Temperature 45◦C
Cut Off Voltage 2.0V (later tests: 2.5V)
Charge Voltage 3.65
Maximum Discharge Constant 200A
Maximum Charge Current 32A
Table 4.3: Testing boundaries
Several single cells were tested, due to the fact that the battery pack was not
finished at the time of testing. The knowledge of those single cells were also
necessary to understand the behaviour of the lithium ion cells and the flexi-
bility is better with those single cell because within the simulation different
battery pack can be tested, just with varying the amount of cells which are in
series and parallel. Afterwards it is possible to compare the whole pack with
the included single cell to estimate the efficiency and the loss of the assembly
and packaging technology.
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SOC Charge












































Figure 4.14: SOC Charge
The SOC (State Of Charge) charging test which is shown in figure 4.14 is
the first important test to determine the OCV (Open Circuit Voltage) of the
battery for the charge direction. The test was done in a temperature cabin
at a temperature of 22 ◦C. It started with a low current discharge of 0.5A
till the limit of 2.0V. After the discharge the battery will rest for 0.5 hours.
Now the charging will start with a constant current of 0.13A for 12 minutes
which means a 0.026mAh charge each step. As soon as the charging is done
the cell will rest until the battery voltage will not change more than 0.03V
within 30 minutes. This will make sure that the voltage stabilizes and the
recorded value is the true open circuit voltage which is needed for the next
work. This charging and resting repeats until the maximum voltage is reached
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or the temperature is too high or the maximum safety limit for the capacity is
violated. The battery reached a capacity of 7.74Ah, 96.75% of the stated data
sheet capacity of 8Ah.
SOC Discharge












































Figure 4.15: SOC Discharge
The second test is the SOC discharge test. This test is also for the determi-
nation of the OCV for the battery, but this time for the discharge direction. It
is shown in figure 4.15. The temperature cabin was also used there to main-
tain a constant temperature of 22◦C. First the battery has to be charged with
a constant voltage of 3.65V and a starting current of 1C. C is the capacity
of the battery, which means 8Ah and charging or discharging with 1C equals
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8A. As soon as the battery reaches the maximum voltage of 3.65V, the bat-
tery will rest to stabilize the voltage. After the rest phase the discharge cycle
will start. It will discharge with a constant current of 0.13A like the charge
test and also for 12 minutes which will result in 0.026mAh for one discharge
cycle. Then the battery has to rest again until the voltage is stabilized and the
voltage change is below 0.03V within 30 minutes. As soon as this condition
is reached the discharge cycle will be repeated, as long as the cut off voltage
is reached, the temperature is too high or the maximum safety limit for the ca-
pacity is violated. The discharge capacity was 8.11Ah, 101.38% of the stated
data sheet capacity of 8Ah.
Pulse Charging












































Figure 4.16: Pulse Charging
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The next test was a pulse charging test, which is shown in figure 4.16.
Within the test, the battery will be charged with a constant amount of charg-
ing pulses. The test will determine the charge acceptance of the battery at
different charging states of the battery. The different SOC levels were 50%,
60%, 70% and 80% and the maximum discharge current of 4C (32A) was
used for this test. The first step will be to discharge the battery with 0.5C (4A)
and then completely charge it with 1C (8A) at a constant charging voltage. As
soon as the battery is full, it will be discharged by 50% of the ampere-hours
of the last half cycle. In the case of this battery 50% equals 4Ah of discharge.
The battery will be charged with 18 pulses with 4C (32A) and each pulse
is 5 seconds long. Those 18 pulses with 5 seconds length result in a charge
of 10% SOC. Between each pulse, the battery will rest for 2 minutes. After
those pulses the battery will be discharged again and the next cycle at 60%
SOC will start. It will be fully charged again and discharged by 40% of the
last half cycle. This will be repeated for 70% and 80% SOC. The tempera-
ture difference was around 5K. The battery accepted at 50% 148.8mAh and
at 80% 148.9mAh in 5 seconds, which means that the charge acceptance is
constant within the usable SOC range of the battery.
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Charge and discharge at different C-rates
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Figure 4.17: Charge and discharge at different C-rates
The next test will show the behaviour of the battery at different charging
and discharging rates and is shown in figure 4.17. The battery will be charged
and discharged with a constant current until the maximum and minimum volt-
age levels are reached, as a result the battery will be charged and discharged
completely within one full cycle. The first 10 full cycles will use 1C (8A) as
a charge and discharge current. The current will stay constant and as soon as
voltage limit is reached, for charging 3.65V and discharging 2.0V, the battery
will rest for 2 minutes and then the next half cycle will follow, again with the
constant current of 1C. As soon as the first 10 full cycles are done, the next
10 cycles will follow with a different C-rate, but the same limits as the first
10 full cycles. The second 10 cycle will use 2C (16A) as constant current, the
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third ones will use 3C (24A) and the last 10 cycles will use 4C (32A), which
is also the maximum charge current allowed for this battery. The temperature
difference within the test is 20K with a initial temperature of 22◦C. The max-
imum temperature was not reached during the test. The test shows, how the
battery voltage changes during full cycles. This will also be used for creating
the simulation model.
















































Figure 4.18: Discharge at high C-rates
The next test, which is shown in figure 4.18, is to evaluate the high dis-
charge capability of the Lithium-Ion cells. These used C-rates in this test are
5C, 15C and 25C. This means the cell will be discharged with 40A, 120A
and 200A. The battery will be charged with 0.5C (4A) to reach the maximum
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capacity of 100% SOC at 3.65V. This level is kept for 20 minutes and then the
battery will be discharged with 5C (40A) until it reaches the cut off voltage of
2.0V. The temperature increased from 23◦C to 42◦C. For the next discharge,
the battery was charged again with 0.5C (4A) to the maximum voltage of
3.65V. As soon as the charging was finished, the discharge with 15C (120A)
began. The temperature increased quickly to 45◦C and the test bench stopped
the discharging after 7.5Ah, which means the battery was not empty. The
temperature was measured on the housing at the hotspot of the battery. The
early end of the test showed, that the battery is not capable to be discharged
fully with 15C or higher. But for the usage in the 48V approach, this is not
a problem due to the fact that the discharge and charge current are identical
(4C).
Dynamic testing
The last important test was a dynamic test which is a current profile simu-
lated with a real life cycle measurement. The simulated battery current pro-
file was scaled down to fit the maximum charge and discharge rate of the
battery. As shown in figure 4.19 the maximum charge current was 4C (32A)
and the discharge current was 0.5C (4A). The discharge current is related to
the power net consumption during the test and the charge current depends on
the recuperation potential during the cycle. As also shown in the figure, the
temperature of the battery varied between 22 and 23◦C inside the test cabin.
This means the current profile of the real life test does not influence the per-
formance of the battery due to thermal limitations. All 3 street profiles (city,
rural, urban) were included in this test.
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Figure 4.19: Dynamic testing - real life cycle
4.4.3 Evaluation
Battery cell
The evaluation section will give a brief overview of the comparison between
the real components and the modelled components for the simulation envi-
ronment. To compare the measurement from sub section 4.4.2 with the sim-
ulation result, a common base is needed. As a result of working on the test
bench, the current will be a good base to compare them.
The single cell will be compared with the measurement of the dynamic test
and also with the current profiles. The figure 4.20 shows the dynamic test in
comparison to the simulated voltage with the same current profile used at the
test bench. Within the cycle, the arithmetic mean A of the voltage differences
equals 0.0011V and the average absolute deviation D equals 0.011V. Fur-
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Figure 4.20: Comparison of measurement versus simulation
thermore, the greatest deviation xmax was 0.0620V and the smallest deviation
xmin was -0.1339V. The positive deviations have a relative frequency hn(E) of
64.33% and the negative have a relative frequency hn(E) of 35.67% and this
results in a range R of 0.1959V. This results in a good approximation of the
model to the cell. The model will be used within the simulation enviroment
with this accuracy and the ratio between model complexity and simulation
time.
Generator
The comparison of the generator will be the similar procedure like the cell
comparison. The first part to compare is the idle torque at zero excitation
current over the entire speed range. The measurement of the idle torque is
shown in section 4.4.2. The idle torque is independent on the voltage and
only a function of the rotational speed of the machine. The second thing
to compare is the maximum torque as a function of speed and voltage. For
the next step a current profile is given at a constant voltage and the speed
will be varied. As a result, the torque is measured and thereby results in the
mechanical power and the efficiency of the machine. This will be repeated
for several current profiles to compare the torque at partial load and also the
idle torque and the maximum torque at different speeds and voltages.
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Figure 4.21: Comparison of measurement versus simulation at 175A
The comparison between simulation and measurement is shown in picture
4.21. This is an excerpt of the 175A results. The arithmetic mean A of the
torque differences equals -0.0384Nm and the average absolute deviation D
equals 0.2725Nm. Furthermore, the greatest deviation xmax was 1.4179Nm
and the smallest deviation xmin was -1.2891Nm and this results in a range
R of 2.7070Nm. The positive deviations have a relative frequency hn(E) of
42.58% and the negative have a relative frequency hn(E) of 57.42%.
DC/DC-Converter














Figure 4.22: Comparison of measurement versus simulation
This is a comparison of the DC/DC currents at the 48V level. The arith-
metic mean A of the current differences equals 0.0646A and the average ab-
solute deviation D equals 0.3910A. Furthermore, the greatest deviation xmax
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was 1.5863A and the smallest deviation xmin was -1.4012A and this results in
a range R of 2.9876A. The positive deviations have a relative frequency hn(E)
of 56.65% and the negative have a relative frequency hn(E) of 43.35%.
4.5 Simulation of the system
This section will give an overview about the reference system at 12V and at
48V. This is necessary to have the base to compare the functionality and re-
sults of the electrified auxiliaries with the developed operation strategy. There
will be several bases due to different cycles which were shown in section 3.5.
4.5.1 12V reference
The 12V reference will serve as a basis for assessing the 48V system and
the 48V system with the operation strategy for the electrified auxiliaries. The
base is a conventional middle class vehicle with a 2.0l diesel engine and rep-






Power net consumption 359W
Power net compensation no
Balanced SOC 12V no
Adjusted energy balance yes
Ambient temperature 298.15K
Table 4.4: Simulation boundaries 12V
The different options, which are used in the simulation are shown in table
4.4. First of all the reference has stop-start, which means the engine will be
stopped during stop phases. But that also means that the power net has to
be supplied by the battery and all the auxiliaries are not driven like the water
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pump or the AC compressor, because all the auxiliaries are conventional. The
next feature, which is included, is the IGC (Intelligent Generator Control) and
this will change the behaviour of the generator during driving. The generator
will not charge the battery until it is needed. It will also enable recuperation,
which means reuse of brake energy to charge the battery.
The next necessary part is the power net inside the vehicle. The listed
power net consumption was measured at the vehicle during the NEDC and
it is the average power during the cycles. This value will be used for all the
different cycles as the base consumption of the 12V power net. The power
consumption will the supplied by the 12V lead-acid battery and the generator
will not compensate the used energy, as long as the battery has a sufficient
SOC. This also leads to an unbalanced SOC of the 12V battery at the end of
the cycle. For this feature to work so, the battery must be fully charged at the
beginning of the test.
Results
The cycles used for the reference were shown in section 3.5. Those results
show the fuel consumption, the corresponding CO2 per km, the ∆SOC of
the 12V battery at the end of the cycle, the used energy and the recuperated
energy during braking. The fuel consumption is already adjusted to compen-
sate the unbalanced SOC at the 12V battery. This is necessary to compare
the different cycles. For this adjustment, the generator will work the whole
cycle to generate the needed energy in a second simulation, which was not
recuperated and to simulate the additional fuel consumption.
NEDC Fuel consumption: 5.26l/100km
CO2: 139.4g/km




4.5 Simulation of the system
FTP75 Fuel consumption: 5.68l/100km
CO2: 150.5g/km
∆SOC 12V at the end: -7.13%
Energy used: 137.1Wh
Recuperated energy: 78.3Wh
CADC Fuel consumption: 5.64l/100km
CO2: 149.5g/km
∆SOC 12V at the end: -11.82%
Energy used: 307.5Wh
Recuperated energy: 213.3Wh
Stuttgart Cycle Fuel consumption: 6.41l/100km
CO2: 169.9g/km
∆SOC 12V at the end: -3.00%
Energy used: 409.7Wh
Recuperated energy: 384.9Wh
WLTC Fuel consumption: 5.25l/100km
CO2: 139.1g/km




The 48V reference is used as an intermediate stage to compare the shares
of the operation strategy and the 48V system itself. It will also show the
differences backwards to the standard 12V system. As in the 12V simulation,
the system boundaries are identical, it is a conventional middle class car with
the 2.0l diesel engine. It has all the state-of-the-art features like the 12V
system. The system offers different options, which are shown in table 4.5.
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The 48V reference has also stop-start like the 12V system, which will stop
the engine during stop phases. But again, also the disadvantages appear like
the power net supply via battery and the turned off auxiliaries like the vacuum
or oil pump. As well as in this reference all the auxiliaries are conventionally





Power net consumption 359W
Power net compensation on
Auxiliaries conventional
DCDC converter on
Balanced SOC 12V yes
Balanced SOC 48V no
Table 4.5: Simulation boundaries 48V
The next feature, which is included, is the IGC (Intelligent generator con-
trol) and this will change the behaviour of the generator during the driving.
The generator will not charge the battery until it is needed. It will also en-
able recuperation, which means reuse of brake energy to charge the battery.
The next necessary part is the power net inside the vehicle. The listed power
net consumption was measured at the vehicle during the NEDC and it is the
average power during the cycles. This value will be used for all the different
cycles as base consumption of the 12V power net. The power consumption
will be supplied by the DC/DC converter and the generator will not compen-
sate the used energy, as long as the battery has a sufficient SOC. This also
leads to an unbalanced SOC of the 48V battery at the end of the cycle. For
the proper function of this feature, the 12V battery must be fully charged at
the beginning of the test.
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Results
The 48V reference cycles are the same cycles as for the 12V reference and
also shown in section 3.5. Similar to the 12V test, the results show the fuel
consumption, the corresponding CO2 per km, the used energy and the re-
cuperated energy during braking. In addition to that, the ∆SOC of the 48V
battery at the end of the cycle is shown. The ∆SOC of the 12V battery is
not shown, because the DC/DC converter will compensate the 12V power net
consumption and this will result in a ∆SOC of 0 %. The different amount
of used energy between 12V and 48V result in the usage of the DC/DC con-
verter and the conversion from 48V to 12V. In those tests, the SOC of the
48V battery will also be unbalanced to compare the different cycles. The
fuel consumption will not be adjusted as long as the ∆SOC is greater than
0, because the leftover energy is not usable within this reference, due to the
defined power net usage and no motor mode.
NEDC Fuel consumption: 5.1l/100km
CO2: 135.2g/km
∆SOC 48V at the end: 4.1%
Energy used: 125.2Wh
Recuperated energy 327.0Wh
FTP75 Fuel consumption: 5.57l/100km
CO2: 147.6g/km
∆SOC 48V at the end: 4.58%
Energy used: 145.8Wh
Recuperated energy: 310.1Wh
CADC Fuel consumption: 5.57l/100km
CO2: 147.6g/km





Stuttgart Cycle Fuel consumption: 6.33l/100km
CO2: 167.7g/km
∆SOC 48V at the end: 53.2%
Energy used: 435.8Wh
Recuperated energy: 1184.5Wh
WLTC Fuel consumption: 5.1l/100km
CO2: 135.2g/km
∆SOC 48V at the end: 14.7%
Energy used: 190.9Wh
Recuperated energy 535.0Wh
Conclusion of reference simulations
As shown in the results, the energy consumption of the power net is higher
than the generated energy at the 12V reference. This means for 12V, there is
an adjustment necessary as stated in the results to have a realistic fuel con-
sumption which will be comparable to real life usage. By contrast, this is not
required in the 48V reference, because there is enough energy generated by
recuperation. This also results in an additional amount of energy depending
on the used cycle. The simulations also show a higher recuperation potential
in the real life cycle than in the synthetic cycle like the NEDC. The energy
throughput is significant higher too, which will result in a higher battery us-
age. In the 48V reference, more energy is used to compensate the power net
consumption, because the energy will be created at 48V and will be converted
to 12V with the DC/DC converter. The DC/DC converter has an efficiency
between 80 and 95 % depending on the topology and duty cycle. Despite of
the additional voltage conversion, more energy will be available at the 48V
reference to power the electrified auxiliaries.
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This chapter will show the controlling of the electrified auxiliaries, including
the system variables which will influence the behaviour of the controller and
the structure of the system. The general approach will be shown and the
individual approach for the selected auxiliaries. Also the implementation in
the simulation, the mutual influence of the single controller and the influence
of the entire system are shown in the last part of this chapter.
5.1 System variables and structure
Generally the system will not differ from the base vehicle except the type of
drive, which is shown in figure 5.1. This is only a schematic overview of
the system and the details for each component are shown in section 2.1.1,
2.1.2 and 2.1.3. This overview shows the independence of the pumps to the
engine speed due to electric drive of each component. Each pumps need
to be driven according to the engine working point in dependence of several




Figure 5.1: Schematic overview of the system
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will be done by the controller inside the system. It will be a multi variable
controller. The controller will set a desired speed for each pump, which will
result in a direct feedback of the actual torque and needed current of each
pump. The next challenge is the reaction of the controller on the various
influencing variables, caused by the vehicle driving the cycles, which where
shown in section 3.5. The different factors, which will influence the speed of
each component, are shown in the sub section of the specific controller part
of each pump.
The base structure of a control loop is shown in figure 5.2. For each com-
ponent, this control loop has to be created in terms of which variable should
be in command, which are the disturbance variables, which variable will be
controlled, the controller itself and the control path. Each controller must also
consider the behaviour of the other controllers to prevent a misbehaviour of
the system.
control pathcontrol equipment
w(t) e(t) u(t) y(t)
d(t)
disturbance variable
command control actuating controlled
variable deviation variable variable
Figure 5.2: Base structure of a control loop[61]
The basic behaviour of the controller consists of 3 main parts[61]:
1. Measuring: The controlled variable y(t) needs to be measured or cal-
culated, if measuring is not possible.
2. Comparing: The controlled variable needs to be compared to the com-
mand variable to determine the control deviation e(t), which will be
defined by e(t) = w(t)− y(t)
3. Controlling: The control deviation will determine the actuating vari-
able u(t) including the behaviour of the dynamic of the control path.
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The next step for the controller will be the decision which kind of control
algorithm is suitable for this system approach. The main features will be the
easy adaptation to different vehicles, which includes different engine sizes
like 4 or 6 cylinders or gasoline and diesel engines or different cars like a
sedan or a SUV. From this conclusion, the controller needs to be working
with each variant and only the characteristics of the system should be applied
as controller variables.
5.2.1 Linear controllers
This subsection will give a brief overview about linear controllers like P, I or
PID controller, its mode of operation, advantages and disadvantages. Those
linear controllers are the most common controllers in control engineering.
P controllers
Within the P controller, the actuating variable u(t) is proportional to the con-
trol deviation e(t). This will lead to u(t) = −Kp · e(t)+ u0 and Kp needs to
be negative to work against the deviation of the command variable w(t). If
the proportional factor Kp is high enough, the deviation will be small and the
controller will be fast, but the chance of an overshoot will rise. The main
disadvantage is the permanent deviation and it will not reach the set point.
I controllers
The I controller is an integrating controller, which will integrate the control
deviation e(t) for a small defined amount of time from t0 to t. With this be-
haviour, a permanent control deviation will be impossible and overshoots are
limited. After selecting a start value Ki, it leads to: u(t) = −Ki ·
∫ t
t0e(τ)dτ .





The D controller is a differential controller, which means the controller will
derive the control deviation e(t) to respond quickly to a sudden change. The
absolute value of the control deviation is less important for this controller.
Also this controller needs a start value Kd and the behaviour can be described
as u(t) =−Kd · ddt e(t).
PI controllers
The PI controller is a combination of P and I controller, which means the
controller will have a proportional and an integrating part. The p part will
react to the deviation and the i part will compensate the resulting permanent
deviation caused by the p part. Both behaviours can be combined and will




The PID controller is a combination of P, I and D controller, which means
the controller will have a proportional, an integrating and a differential part.
As the PI controller, the behaviour of the controller is composed of those 3
parts: u(t)= (−Kp ·e(t))+(−Kd ·
∫ t
t0e(τ)dτ)+(−Kd · ddt e(t)). This controller
will combine the advantages with only small disadvantages as long as the K
factors are chosen wisely. D for the fast reaction, p to quickly compensate the
deviation and the i to eliminate the permanent deviation.
Multiple-input multiple-output controller(MIMO)
The controller for MIMO systems is not a controller in the proper sense but
needs to be considered, because the control of the auxiliaries might also be
suitable for the MIMO controller. This type of controller is adapted to the
controlled system and each input will influence each output of the controller.
The controller needs an input for each command variable w(t) and an output
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for each controlled variable y(t). For this controller concept, a decentralized
controlling or a decoupling of control deviation is possible[62]. The decen-
tralized controller will have separate controllers for each control variable and
the cross coupling will only be considered in the design process and needs
to be low and slow. On the other hand the decoupling of the control devia-
tion will compensate the cross coupling after a successful controller design.
This advantage will lead to the possibility to create independent controllers
for each control variable[62].
5.2.2 Non linear controllers
This subsection will give a brief overview about non linear controllers like
fuzzy, adaptive and extremum controller, its mode of operation, advantages
and disadvantages. Those non linear controllers are more complex then linear
ones but those controllers are needed for non linear systems.
Fuzzy controllers
The fuzzy controller uses the principle of the fuzzy logic, which is a superset
of the boolean logic[63]. The controller needs physical inputs like the other
controllers, but then with the help of linguistic terms and If-Then-Operators,
the controller will decide on the value of the partial truth. This value has the
range from 0 to 1 and every value in between. The number of physical inputs
is not limited and also the number of controlled variables. It only depends
on the number of linguistic terms (Fuzzy Sets), because those sets will be
used for the fuzzification and the defuzzification with the centroid method
or the singleton method. With this type of controller a complex non-linear
multi variable system can be controlled, even if the mathematical description




Adaptive controllers will change the parameters for adapting to a changing
behaviour of the controlled system. The changed behavior refers to a slow
and large change in the system, which can no longer be managed by a con-
ventional controller. The controller consists of the basic control loop, like
shown in 5.2 and 2 additional parts, which are the adaptation law and the
reference model[64]. The adaptation law will change the parameters of the
controller to fulfil the desired system behaviour which is described inside the
reference model with its input and output variables[64].
Extremum-seeking controllers
The extremum-seeking controller is used to find the extremum (minimum or
maximum) and even more important to keep the extremum independent from
disturbances other appearances[65]. The parameters of the controller will be
adapted to keep the controlled variable y(t) as close as possible to the desired
extremum. The desired extremum of the system is known and used as a com-
mand variable w(t). Within the controller the difference between the actual
working point and the desired value needs to be as small as possible[65].
5.2.3 Discontinuous controllers
Within the discontinuous controllers, there are 3 mayor types: the 2 position
controller, the 3 position controller and the multi position controller. The
2 position controller can be on or off which means u(t) = 1 if e(t) > 0 or
u(t) = 0 if e(t)≤ 0. Which means the actuating variable u(t) is discontinuous
and there is no value in between 0 and 1. This behaviour can result into a
toggling at the output of the controller. To prevent this problem, a hysteresis
should be used. This will add a dead zone to the output of the controller and
the control deviation e(t) must be reduced by a defined value to be switched
again to the opposite value of u(t).
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The 3 position controller has 3 states in total: u(t) = −1 if e(t) < −x,
u(t) = 0 if −x ≤ e(t) ≤ x and u(t) = 1 if e(t) > x. To realize this behaviour
a 2 position controller is used for the negative control deviation and another
one for the positive control deviation. Due to this combination, there is a dead
zone which is normally symmetrical with a limit x and −x and u(t) = 0. 2
position controllers and 3 position controller with an integrated hysteresis can
be combined with an internal feedback to get an adjustable time behaviour,
which will result in a similar behaviour like the linear controllers[66]. Also
several 2 position controllers can be combined to create a multi position con-
troller.
5.3 Fuzzy controller
This section will show, how the fuzzy controller is used within the operation
strategy of the auxiliaries. The reason for the use of the fuzzy controller was
the capability of several different input variables for each controller, which
will only influence the same output variable to control the speed of each aux-
iliary.
5.3.1 General approach
The general approach of a fuzzy controller, which is shown in figure 5.3,
includes the conversion of numerical value with the help of a linguistic term,
the fuzzification. This term will be used to create the fuzzy output with the
help of a membership function of the fuzzy sets. The output will be de-
fuzzified to get a numerical output which will be used as the actuating variable
u. The fuzzy logic will allow to be part of a set or not and it will also allow a
partial membership of an element to a certain set, which means more solutions
than true and false are available. The fuzzy set µ(x) will have a value between

















Figure 5.3: Base structure of a fuzzy controller or know as fuzzy inference
system (FIS)
5.3.2 Fuzzification
The fuzzification is the first step of the fuzzy controller which will determine
the degree of affiliation. The degree of an input variable can be obtained with
the help of different membership functions. The most common membership
function are monotonic decreasing or monotonic increasing, which are shown
in figure 5.4. Other types are also usable like a bell curve or a trapezoid
shaped membership function. The only necessary attribute is the unit interval
[0,1]. The membership function will convert a certain value of a variable
into a linguistic term of a linguistic variable[67]. As shown in figure 5.4, the
temperature ϑ will be the linguistic variable and the fuzzy values “cold” and
“hot” are the linguistic term. To cover the complete range of the variable, 2






example monotonic decreasing monotonic increasing
ϑ
cold hot
Figure 5.4: Membership functions
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The different fuzzy-sets need to be combined. The most common operators
are AND (5.1), OR (5.2) or NOT (5.3)[67]. This means the intersecting set
of the fuzzy-sets will be the minimum and the union set will be the maximum
of the membership functions[67]. As stated in [67] table 2.2 there are several
more methods available for those fuzzy-sets.
µA∩B(x) = min(µA(x),µB(x)) (5.1)
µA∪B(x) = max(µA(x),µB(x)) (5.2)
µFe(x) = 1−µF(x) (5.3)
In the case described above, only one base set was used but with fuzzy-
relations, it is also possible to combine different base sets which have the
relation R. Both sets can have the same number of elements, but this is not a
must. The same operators, which were mentioned before, can be used for the
different base sets[67].
µR(x,y) = min(µA(x),µB(y)) (5.4)
µR(x,y) = max(µA(x),µB(y)) (5.5)
5.3.3 Fuzzy-inference
The fuzzy-implication is the base for the inference. The implication A⇒ B
will connect the premise (the input variable with its linguistic term) with the
conclusion (the output variable with its output term). This can be stated as:
If x = A then y = B
An example for this implication is the AC inside a vehicle:
If cabin temperature is “hot” then AC is “high”
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The premise and the conclusion may not be true or false, also partial true or
false are possible. Referring to the AC, the temperature might be a “little hot”
and the AC will be a “little high”.
The most used implication is the Mamdani-implication, which is also known
as the MAX-MIN-inference (equation 5.6). This implication has a specific
attribute, which will be suited for the fuzzy-control: the truth-value of the
conclusion will be equal or less than the truth-value of the premise[67]. An-
other common used one is the MAX-PROD-inference (equation 5.7). [67]
stated in table 2.4 unusable implications for fuzzy-control.
MAX-MIN-inference[67]:
µR:A⇒B(x,y) = min(µA(x),µB(y)) (5.6)
MAX-PROD-inference[67]:
µR:A⇒B(x,y) = µA(x) ·µB(y) (5.7)
The next step for the fuzzy inference will be to create all possible connections
between the input x with the output y. In figure 5.5 an example of an AC is
given. This example shows the conclusion of this fuzzy-set, which means in
this case: if the temperature is above 20◦C it is getting hotter and then the







20 25 30 AC
Figure 5.5: Example for the fuzzy-set of the AC
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also possible with more than one input variable. For each fuzzy-set, there
will be one output conclusion and with a summary of all sets, the final result
µresult(y) is created. The equations 5.6 and 5.7 are also used for this summery
of those fuzzy-sets. The name of both types implies the type of summary. In
both cases the maximum of each single output yn will result in the final output
yresult . There are also other methods for this step: SUM-MIN-inference and
SUM-PROD-inference[67].
5.3.4 De-fuzzification
The de-fuzzification is the third and last step for the fuzzy-controller. This
step will convert the “fuzzy” output yresult into a “crip” y′. To de-fuzzify sev-
eral methods are available[67]: maximum method, center of gravity method,
center of gravity methods with SUM-MIN-inference and center of gravity
method for singletons. As [67] stated, the center of gravity method and the
center of gravity method of singletons are the preferred ones in terms of trans-
mission behaviour, parametrization and less effort for the approximation.
Center of gravity method
This method is the most common one to de-fuzzify[67]. The “crip” y′ is de-
termined as the abscissa value of the center of gravity of the whole resulting






The mathematical calculation can be done with the integration of the sam-
pling points of y′. The main feature of this method is the consideration of
several fuzzy-sets or all fuzzy-sets if all are used. Depending on the amount
of sampling points, the calculation load is determined. There is also the pos-
sibility of a low or no membership y′ of the initial input values[67]. This can
be solved by an intelligent selection of the used fuzzy-sets and rules.
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Center of gravity for singletons method
As the name suggests, this center of gravity method only works for fuzzy-
sets which are defined as singletons. The method to use singletons will lower
the calculation load for the center of gravity, because a weighted averaging is











The formula consists of the sum of the each output value yi and its truth value
µi as numerator and the sum of each truth value µi as denominator. Due to
the fact, that each rule set has its own truth value within the formula, it is also
called the height method. With the right set of fuzzy-rules the height method
can be used with only little loss in accuracy[67].
5.4 Implementation in the simulation
This section will give an overview, how the pumps and the fuzzy controller
is implemented in the simulation. Each subsection will also show the needed
input variables and the usage of those variables to create the fuzzy-sets for
the controller. The tool for the simulation was Dymola R© which is based on
Modelica R©. The library ATplus, shown in figure 5.6, was used as a base
for the fuzzy logic. The library was modified to fit the Dymola R© version,
Modelica R© version and the needs of the simulation within this thesis. The
figure 5.6 also shows the general structure of a single fuzzy controller. The
input variable with 3 or 5 fuzzy-sets, the inference with the defined rules and
the output variable with the center of gravity method or center of gravity for
singletons method.
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Figure 5.6: Fuzzy logic in Dymola with ATplus
Auxiliary Power netFuzzy Controller
Engine
Figure 5.7: Structure of the approach within the simulation
The general structure of the approach is shown in figure 5.7. The fuzzy
controller gets all the needed information of the overall system like velocity,
requested driver demand, actual engine torque, temperature and so on. With
those information the fuzzy controller for each auxiliary will compute the de-
sired speed to directly control the electric motor. Each auxiliary is connected
to the power net to receive the electrical power to supply the electric motor
and the output shaft is connected to the pump to drive it. The outputs of the
pumps are connected to the original locations of the replaced auxiliaries in
the overall system. The fuzzy controller will also get a direct feedback of the




5.4.1 Engine oil pump
The engine oil pump was the first pump to be replaced and the replacement is
described in section 4.3.4. The first step for the implementation is the selec-
tion of the needed input variables. This was done by measurement, simula-
tion, knowledge and study of literature. The main goal of the controller is to
maintain the function of the conventional pump like lubricating and cooling.
This means in all working points of the combustion engine, the electrified oil
pump must satisfy those needs.
Variable Range
Temperature -30 to 130 ◦C
Pressure 0 to 7 bar
Engine Torque 0 to 400 Nm
Speed 0 to 4500 RPM
Stop active true / false
Table 5.1: Input variables for the oil pump controller
The table 5.1 shows the input variables which are used for the fuzzy con-
troller of the electrified oil pump. If one variable is below or above the defined
range, the minimal or maximum value will be used. Each variable receives 3
fuzzy-sets: small, medium and big. The first important variable is the oil tem-
perature, because the temperature ensures that the oil can fulfil its task. The
temperature will serve as an example of how the fuzzy-set for the oil pump
controller are created.
Within step 1 the definition of different ranges which are linked to the lin-
guistic therms is mandatory. As shown in figure 5.8, 3 temperature ranges
are created: each temperature below 80◦C is considered low and in terms of
fuzzy: small. Each temperature between 85◦C and 100◦C are normal working
temperature or medium and above 115◦C are high or big. For the temperature
trapezoidal sets are used. The reason for the usage is the large range of the
normal temperature range (medium), instead of the triangular shape.
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µ small medium big
Figure 5.8: Fuzzy-set for the oil temperature
Similar fuzzy-sets are created for the other 4 input variables. The trape-
zoidal shape is also used for each input to cover up the hole range of working
points of the car/engine. Within the fuzzy-set for “stop active”, the variable
will be considered big if the “stop active” is true and will be small if the “stop
active” is false.
Step 2: the linguistic terms for the oil pump will be linked with each other
with the help of different rule sets. Each rule will have a weighting of 1, which
means each rule has the same significance. Each rule has not to include each
input variable and also a negation of an attribute is possible, for example a
rule like this:
IF preasure = medium & stop = not big THEN µ = medium
or this one:
IF temperature = small & stop = not big THEN µ = small
With all 13 rules the inference is set up and this is used for the de-fuzzification
within step 3. The method used for de-fuzzification is the center of gravity
for singletons which is described in section 5.3.4. Due to the fuzzy sets, the
de-fuzzification will have 3 singletons: small, medium and big. 0 is assigned
to small, 0.5 to medium and 1 to big. The output will be between 0 and 1 and
this output will be used as a factor for the speed control of the electric motor.
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5.4.2 Main water pump
The controller of the main water pump has the same principle as the controller
of the engine oil pump described above. Like the oil pump, different input
variables are needed to get the necessary information into the controller to
adjust the speed of the pump. The used inputs are shown in table 5.2 and
the selection of those inputs were also done with the help of measurement,
simulation, knowledge and study of literature.
Variable Range
Temperature -30 to 100 ◦C
UEM 0V to 52V
SOC 0 to 100 %
Speed 0 to 4500 RPM
Stop active true / false
Table 5.2: Input variables for the water pump controller
The temperature mentioned in the table is the coolant temperature and not
the oil temperature. The next 2 inputs are the voltage of the electric machine
and the SOC of the Lithium ion battery. The voltage will be an indication for
recuperation, energy generation or idle mode. Linked to the voltage the SOC
of the battery will be used to determine the usage of the battery and the need
to consume or do not consume energy. The last two inputs are the same like
within the oil pump controller: engine speed and “stop active” of the engine.
There is no direct connection between oil pump controller and water pump
controller. Both controllers are indirectly coupled by the physical quantities.
As shown in the oil pump controller, the water pump controller also needs
different rule sets to link the behaviour of the input values. The 2 rules below
are part of the fuzzy-set within the controller:
IF Temperature = medium & UEM = big THEN µ = small
IF temperature = big & stop = not big THEN µ = big
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Step 3, the de-fuzzification, was also implemented in using the center of gra-
vity method for singletons. The number of singletons is equal to the oil pump
and also the output is designed like the other de-fuzzification.
5.4.3 Vacuum pump
The principle of the vacuum pump controller is the same like the oil pump
controller or water pump controller. Again 3 steps: the definition of the input
variables and the linkage to the linguistic terms, creation of the fuzzy-sets
and rules and the de-fuzzification to create the output variable to control the
pump. The used input variables for the first step are shown in table 5.3.
Variable Range
Brake demand 0 to 100%
Brake duration 0 to 10s
Brake quantity 0 to 5
Brake pressure 0 to 1bar
Stop active true / false
Table 5.3: Input variables for the vacuum pump controller
The brake demand shows how much the driver is braking, the duration is
the time of a single braking phase, the quantity shows the amount of braking
phases without the driven pump, the pressure will show how much pressure is
available within the brake booster and the last one if stop/start is active. With
those input variables, the rules for the fuzzy-sets can be created as shown
below:
IF demand = big & stop = not big THEN µ = big
IF pressure = big & stop = big THEN µ = medium
The center of gravity for singletons is used for de-fuzzification like in the
other two pump controllers.
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This chapter provides an overview of the combination of the different topics
discussed earlier in this thesis. This means the proof of function is shown with
the integration of the 48V system, the electrified auxiliaries and the developed
operation strategy. Afterwards the results are shown and compared with the
reference simulation of the conventional vehicle. With those results and the
comparison, the final conclusion will be the last part of this chapter.
6.1 Proof of function
Within the proof of function, the operation strategy with the electrified aux-
iliaries has to show the same or better behaviour than the conventional aux-
iliaries which are driven by the internal combustion engine. The operation
strategy must work within the legal cycles like the NEDC but also in real
driving like the Stuttgart cycle. The implemented system uses the power net
topology which was shown in section 4.1.5 including the components which
were discussed in section 4.3. A closed loop for the proof of function is nec-
essary because the controller will affect with its output the input variables
which are needed for the controller.
The oil pump controller was integrated, as discribed in section 5.4.1. and
the electric motor was placed at the 48V part of the power net. The figure 6.1
shows the output variable of the controller in black and in light grey the speed
of the cycle for better allocation . As described before, the output will be
between 0 and 1 and this will be used as the control factor to define the speed
of the electric motor. The output variable y shows the desired behaviour:
lower speed at lower temperatures, increase of speed as soon as more torque
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is required and the influence of speed, stop phases and oil pressure are visible.
The behaviour also shows a different load collective of the oil pump, which
was shown in section 4.3.4. This will not be considered right now not to
influence the comparison between conventional auxiliaries and electrified one
with an operation strategy.











Figure 6.1: Output variable of the oil pump fuzzy controller
The figure 6.2 shows a section of the values of each singleton for the con-
troller, which will be converted to the single output shown above in figure 6.1.
Each singleton has a weighting of 1, which means each one has the same sig-
nificance. The water pump controller and the vacuum pump controller show
a similar behaviour like the oil pump controller. The behaviour for the NEDC
is shown in B figure B.1 and figure B.2.
Even outside the homologation cycle, the controllers show the desired and
expected behaviour. Due the design criteria of each controller, it was en-
sured that the pumps are in the necessary working point in case of misuse
or maximum requirements like full throttle over a long period of time. The
oil pump for example, then turns fast enough to maintain the necessary oil
pressure and volume flow. The comparison with a conventional vehicle and
the detailed overview on the results for different cycle will be in section 6.2.
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Figure 6.2: Section of the input for the center of gravity for the singletons
6.2 Results and comparison with the reference
simulation
This section will show the comparison between the simulation of the conven-
tional vehicle with the 48V power net as the base and the modified vehicle
including the 48V system and the electrified and controlled auxiliaries for the
different cycles which were discussed in section 3.5.
6.2.1 Boundaries of the simulation
Within table 6.1, the boundaries of the 48V simulation with fuzzy controller
are shown. The conventional parts of the vehicle are identical in both simu-
lations 48V reference and 48V fuzzy controller. The only difference between
those simulations are the electrified auxiliaries, the resulting electric load and
the controller. The drive of conventional auxiliaries were removed from the
engine, including the mechanical load, which was applied by the auxiliaries
and there is no mechanical feedback of the auxiliaries to the engine itself.
125





Power net consumption 359W
Power net compensation on
Auxiliaries electrified
DCDC converter on
Balanced SOC 12V yes
Balanced SOC 48V no
Table 6.1: Simulation boundaries 48V fuzzy controller
6.2.2 Results
The cycles used for the 48V fuzzy results, are the same cycles as for the 12V
reference and 48V reference. Those cycles were described in section 3.5.
The boundaries were shown above and are almost the same like in the 48V
reference test. Like in the 48V reference test, the following results of the
simulation are shown: the fuel consumption, the corresponding CO2 per km,
the used energy (power net and electrified auxiliaries), the recuperated energy
during braking and the ∆SOC of the 48V battery. The 12V battery has a bal-
anced SOC, which was maintained by the DC/DC converter. In those cycles
too, the SOC of the 48V battery will be unbalanced to show the usage of the
electrified auxiliaries and the supply of the power net.
NEDC Fuel consumption: 4.93l/100km
CO2: 130.6g/km
∆SOC 48V at the end: 2.2%
Energy used: 170.6Wh
Recuperated energy 327.0 Wh
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FTP75 Fuel consumption: 5.40l/100km
CO2: 143.1g/km
∆SOC 48V at the end: 3.3%
Energy used: 220.4Wh
Recuperated energy: 310.1 Wh
CADC Fuel consumption: 5.41l/100km
CO2: 143.4g/km
∆SOC 48V at the end: 14.5%
Energy used: 577.8Wh
Recuperated energy: 877.8 Wh
Stuttgart Cycle Fuel consumption: 6.17l/100km
CO2: 163.5g/km
∆SOC 48V at the end: 31.1%
Energy used: 809.3Wh
Recuperated energy: 1184.5Wh
WLTC Fuel consumption: 4.98l/100km
CO2: 132.0g/km
∆SOC 48V at the end: 11.5%
Energy used: 299.6Wh
Recuperated energy: 535.0Wh
6.2.3 Conclusion of simulations with fuzzy controller
As shown in the results, the energy consumption of the power net including
the electrified auxiliaries is still lower than the recuperation energy which is
generated during the cycle. This means, there is no adjustment necessary
for the fuel consumption compared to the 12V reference simulations. Like
the 48V reference, more energy is used to compensate the power net con-
sumption, because the energy will be generated at 48V and will be converted
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to 12V with the DC/DC converter. The DC/DC converter has an efficiency
between 80 and 95 % depending on the topology and duty cycle. In addi-
tion to the 12V consumers, the electrified auxiliaries are located on the 48V
side and therefore no voltage conversion is necessary, which raises the overall
efficiency compared to electrified auxiliaries at 12V.
6.2.4 Comparison
Table 6.2 shows the fuel consumption of the vehicle with 12V power net
and the 48V version with the fuzzy controller of the electrified auxiliaries.
The power net consumption is balanced for the comparison, which means the
∆SOC must be equal or greater than 0% at the end of each cycle.
Cycle CO2 @ 12V CO2 @ 48V ∆CO2 ∆%
NEDC 139.4g/km 130.6g/km 8.8g/km 6.3%
FTP75 150.5g/km 143.1g/km 7.4g/km 4.9%
CADC 149.5g/km 143.4g/km 6.1g/km 4.1%
S-Cycle 169.9g/km 163.5g/km 6.4g/km 3.8%
WLTC 139.1g/km 132.0g/km 7.1g/km 5.1%
Table 6.2: Comparision 12V reference to 48V with fuzzy control


















Figure 6.3: Comparison of the coolant temperature
In each cycle, the fuzzy controller for the electrified auxiliaries shows an
improvement of fuel consumption of the vehicle. The overall reduction re-
sults from different influences like the thermal behaviour, which is shown in
figure 6.3 or the reduction of mechanical load due to the replacement of the
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mechanical auxiliaries. The improvement will not only work with the classic
cycles like NEDC or FTP75, it will also work within the CADC or the real
life Stuttgart cycle. The amount of improvement depends also on the length
of the cycle and the resulting influence of the warm-up phase of the internal
combustion engine. If the length of the cycle decreases, the influence of the
warm-up phase will increases and the difference of the fuel consumption will
raise.
The leftover energy within the battery at the end of the cycle will not be
used to adjust the fuel consumption for each cycle in contrast to the corrected
CO2 values of the 12V reference simulation. Also the boundaries of the 12V
reference simulation and the 48V simulation with fuzzy controller are identi-
cal: power net compensation (at 12V adjusted with ∆SOC), IGC, Stop-Start
and recuperation.
As stated before, the warm-up phase of the engine has an impact on the
fuel consumption, which leads to correlation: the faster the engine heads up,
the lower the fuel consumption. The figure 6.4 shows the warm-up time for
each cycle at 12V reference and 48V with fuzzy controller. The time, which
is needed to reach 353.15K coolant temperature, is named as warm-up time.
















Figure 6.4: Comparison of the warm-up times
The largest difference was shown in NEDC with a warm-up time 1.62 times
longer and the WLTC 1.59 times longer using the conventional 12V system.
Within a cycle with more dynamics and engine load, the difference of the
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warm-up time decreases for the FTP75 to 1.1, for the CADC to 1.15 and for
the Stuttgart cycle to 1.15. As shown, the warm-up time is shorter in each
cycle for 48V and the amount of delta time between 12V reference and 48V
with fuzzy controller also depends on the engine load during the cycle, the
more load applied on the engine, the smaller the delta time. For example
the 12V reference needs 550 seconds to reach 353.15K in the NEDC and in
comparison to this, the 48V variant with the fuzzy controller needs only 187
seconds at the Stuttgart cycle.
6.3 Simulations with enlarged system boundaries
This section will show the system behaviour with enlarged system bound-
aries. These boundaries will be modified within a parameter variation to
identify the advantage or disadvantage of the changed variables.
6.3.1 System boundaries
Within table 6.3, the boundaries of the 48V simulation with fuzzy controller
are shown. The conventional parts of the vehicle are identical with the other
simulations. The electrified auxiliaries and the controller are identical with
the 48V fuzzy controller simulation. The mechanical auxiliaries are also re-
moved like in the fuzzy simulation. 3 parameters will be modified within
the simulation: the power output of the gene-rator (maximum recuperation
current), the power net consumption and the ambient temperature.
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Power net consumption modified
Power net compensation on
Auxiliaries electrified
DCDC converter on
Balanced SOC 12V yes
Balanced SOC 48V no
Ambient temperature 298.15K
Table 6.3: Enlarged system boundaries for the 48V fuzzy controller
6.3.2 Power net consumption
The power net consumption is the first variable to modify. The simulations in
section 6.2.2 always showed a positive charge balance, which means leftover
energy at the end of the cycle in comparison to the start SOC at the beginning
of the cycle. The base consumption was 359W for the vehicle during NEDC.
Due to the fact, that air conditioning is disabled in the NEDC, the next step
is to raise the consumption. The different consumptions were chosen with
the help of the consumption of different components of the power net which
was shown in [68] and [69] e.g. rear window heater, radio, navigation system
or seat heater. In addition to the 359W base consumption, 500W, 1000W,
1500W and 2000W consumption are used to show different variations of the
power net e.g. a power net consumption during real driving, during driving in
winter or within an upper class vehicle. The table 6.4 shows ∆Energy of the
48V battery at the end of the cycle including the power net consumption, the
electrified auxiliaries and the recuperation. The fuel consumption, CO2 and
recuperated energy are identical to the simulation results in section 6.2.2 and
no adjustments were done due to a positive or a negative charge balance.
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NEDC 148.8Wh 99.5Wh -75.0Wh -249.6Wh -424.1Wh
FTP75 80.8Wh 23.4Wh -180.0Wh -383.3Wh -586.7Wh
CADC 280.0Wh 151.4Wh -304.6Wh -760.6Wh -1216.7Wh
S-Cycle 348.6Wh 177.2Wh -430.6Wh -1038.4Wh -1646.2Wh
WLTC 223.7Wh 148.7Wh -117.6Wh -383.9Wh -650.1Wh
Table 6.4: Comparison different power net consumptions
The table 6.5 shows ∆SOC of the 48V battery at the end of the cycle like
the result shown in section 6.2.2. The ∆SOC also includes the power net











NEDC 2.2% 0.2% -7.0% -14.4% -20.9%
FTP75 3.3% 1.0% -7.3% -15.8% -23.3%
CADC 14.5% 9.1% -8.6% -27.5% -46.5%
S-Cycle 31.1% 25.5% 0.3% -24.5% -48.6%
WLTC 11.5% 8.6% -1.9% -13.0% -24.4%
Table 6.5: Comparison of ∆SOC for different power net consumptions
As shown in table 6.4 and 6.5 the recuperated energy might not be enough
to compensate larger power net consumptions depending on the cycle and
the resulting recuperation potential. Due to the negative charge balance at
higher power net consumptions, the generator has to supply the power net
with energy besides of the recuperated energy otherwise the battery will be
empty after a certain amount of time. The additional generation of energy
will increase the fuel consumption. This must be handled by the energy man-
agement or the hybrid operation strategy to make sure the generation will be
as efficient as possible. The higher power net consumptions (1000W, 1500W
and 2000W) are only possible because of the high value of the SOC at the
beginning of the test. If the electrified auxiliaries would have been supplied
with 12V, the ∆E and ∆SOC would be even smaller because of the efficiency
of the DC/DC converter.
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6.3.3 Generator
As shown in section 6.3.2 the recuperation is not sufficient to supply higher
power net consumptions independent of homologation cycle or real life cycle.
The recuperation is limited by the cycle and the maximum power of the elec-
tric machine. To raise the recuperation potential the maximum output current
of the machine will be modified. The base machine described in section 4.3.1
has 250A maximum current which results in a maximum output 12kW at 48V.
As shown in table 6.6 and 6.7 the current will be raised to 300A, 350A and
400A which will result in 14.4kW, 16.8kW and 19.2kW electric output power
at 48V. The table 6.6 shows the ∆Energy of the 48V battery at the end of the
cycle including the power net consumption, the electrified auxiliaries and the
recuperation. The fuel consumption, CO2 and standard power net consump-
tion are identical to the simulation results in section 6.2.2 and no adjustments
were done due to a positive or a negative charge balance.
Cycle ∆E @ 250A ∆E @ 300A ∆E @ 350A ∆E @ 400A
NEDC 156.4Wh 216.2Wh 274.3Wh 323.1Wh
FTP75 89.7Wh 173.3Wh 251.7Wh 315.0Wh
CADC 300.0Wh 519.4Wh 744.9Wh 945.2Wh
S-Cycle 375.2Wh 567.2Wh 762.3Wh 972.6Wh
WLTC 235.4Wh 376.6Wh 506.3Wh 601.6Wh
Table 6.6: Comparison of ∆E for different recuperation powers
The table 6.7 shows ∆SOC of the 48V battery at the end of the cycle like
the result shown in section 6.2.2. The ∆SOC also includes the power net
consumption, the electrified auxiliaries and standard power net consumption
of 359W.
The results show a smaller improvement in the NEDC and FTP75 than in
the Stuttgart cycle, CADC and WLTC. The reason for this result is the smaller
maximum decelerations in the speed profile of the cycle. In braking phases
with smaller deceleration the electric machine with lower output current is
already sufficient enough to recuperate the most energy but in braking phase
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Cycle ∆SOC @ 250A ∆SOC @ 300A ∆SOC @ 350A ∆SOC @ 400A
NEDC 2.2% 3.8% 5.3% 6.5%
FTP75 3.3% 5.6% 7.6% 9.0%
CADC 14.5% 20.4% 26.5% 30.9%
S-Cycle 31.1% 42.6% 54.3% 60.0%
WLTC 11.5% 15.2% 18.4% 20.6%
Table 6.7: Comparison of ∆E for different recuperation powers
with higher deceleration the machine with the higher output current is able
to recuperate more energy. Any changes required for the connection of the
electric machine were not considered like changing the belt drive or changing
the location of the electric machine. The assumption was that the connection
between electric machine and combustion engine is capable of the higher
torque which is necessary for the higher output current.
6.3.4 Summary enlarged system boundaries
This section showed the system behaviour and the influence on the electrified
auxi-liaries. The recuperation is capable of supplying the electrified auxil-
iaries and a power net consumption of 500W in each cycle.The base machine
with 250A maximum output current fulfilled this task. As soon as the re-
quired power for the 12V power net raised above 500W which was shown
in section 6.3.2, the recuperation was not sufficient any more which led to a
negative charge balance. There are 2 different ways to supply a higher power
net consumption. First one is to increase the maximum output power of the
generator, which was shown in section 6.3.3. The increase will be able to sup-
ply a higher power net consumption without additional fuel consumption but
it might be possible that a change in the belt drive is required to transmit the
increased torque or a different connection between combustion engine and
electric machine is necessary. The second way, which was not part of this
work, is to generate the required energy during normal driving conditions in
addition to the recuperation.
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Summary
In today’s versatile requirements for reducing fuel consumption, a lot of dif-
ferent approaches are in development like hybridization, reducing the amount
of cylinders with the same power as before or operating point-independent
components and auxiliaries. Within this thesis, one of the approaches is
shown. A system approach including an operation strategy for those elec-
trified auxiliaries was the output goal, which can be used in different cars.
The compulsory procedure was the discussion about several auxiliaries and
auxiliary systems. Those results were the base of this thesis: the knowledge
about the auxiliaries, their subsystems, their properties and their functionali-
ties. This knowledge led to the idea of an independent drive for several auxil-
iaries to control each depending on different states and influencing variables
but without the direct coupling to the engine speed. Those findings were nec-
essary to estimate which auxiliary is suitable to be electrified and the derived
requirements for the component, the subsystem and the controlling.
Replacing conventional auxiliaries with electrified ones, the need of more
electrical power becomes bigger. With this need, the discussion about the
power net was necessary to understand the causal connections between more
needed energy within the power net and the additional generation of the en-
ergy. Due to the limits within the 12V power net, the 48V approach is the
logical conclusion in terms of cost benefit and availability of the needed re-
sources to use the electrified components. The 48V power net introduces
new or modified parts to the vehicle. Those parts were discussed including
test bench measurements and similar approaches and competing system ap-
proaches with DLCs or 12V lithium batteries. The system is also influenced
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by the operation strategy itself, like the usage of the recuperation energy or
the load point shift. Addressing the cycles, which were used within this the-
sis, was also important because each cycle offers a varying load collective.
The next mandatory step was the selection of the right power net topol-
ogy, which fulfilled all the requirements for the electrification of the selected
auxiliaries. As an appropriate tool a simulation was used to compare the con-
ventional 12V architecture with the selected 48V topology. Within this sim-
ulation, models of those new or modified components like the 48V machine
or the DC/DC converter were developed. Those models were compared with
measurements from the test bench to validate the behaviour of each com-
ponent to have a working vehicle simulation in the end. A 12V and a 48V
reference model were also created to show the difference between the con-
ventional 12V and the new 48V system without electrified auxiliaries.
After the decision which topology and electrified auxiliaries to use, the next
question had to be answered: how to control the auxiliaries and how to ensure
the correct functionality of the system in every situation which can occur in
a cycle or in a real life situation. Several control approaches were discussed
and the fuzzy logic was chosen to be the most useful one for this approach,
because of the number of input variables, the flexibility of using it for different
cars and being robust during the usage. The structure of a fuzzy controller has
been outlined including the principle method of creating a fuzzy controller
and the usage of it. With this knowledge the controller for each electrified
pump was created and integrated into the simulation environment.
The last part was the utilization of the operation strategy of the auxiliaries
including the proof of function and the comparison of the 12V reference
with the 48V approach including the fuzzy controlled auxiliaries. The results
showed a significant improvement of fuel consumption with the developed
control strategy for the selected power net topology. This improvement was
evident in all cycles which were discussed within this thesis.
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In this thesis a new approach for reducing fuel consumption was shown,
which includes several electrified auxiliaries and the operation strategy to
control them within the vehicle during different cycles. The necessary models
for the approach were developed including the auxiliaries, the controller and
the needed parts for the power net.
Outlook
The presented approach of combining 48V power net with fuzzy controlled
auxiliaries can be one step in reducing fuel consumption in future vehicles.
The next steps are the integration of new storages with optimized weight,
energy density and power density or a parameter variation of each pump in-
cluding the electric motor for each pump would be necessary to optimize each
auxiliary for the usage as an electrified pump including new designs or new
boundaries for the system layout. The electric motors will also need modifi-
cations to increase the overall efficiency and the resulting reduction of used
energy. Another topic might be the combination of the operation strategy
with a 48V electric machine, which can produce positive and negative torque
for load point shifting of the internal combustion engine. The integration of
the fuzzy controller into a hybrid or plug-in-hybrid might also be a potential
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Unit 17, Laurence Industrial Estate, 
Eastwoodbury Lane, Southend-On-Sea, 
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United Kingdom 
Tel: +44 (0) 1702 527 883 
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LiFeBATT Ltd - Registered in England & Wales Company No. 6494642 - VAT Registration No.926525514  
Registered Office: 30 Broadoak Way, Rayleigh, Essex. SS6 8JU - Website: www.lifebatt.co.uk - Email: info@lifebatt.co.uk 
 
Dated : May 2009 
LiFeBATT X-1P 8Ah 38123 Cell 
 
Description Specification 
Nominal Capacity 8000mAh  
Charging Voltage 3.65V  
Typical Voltage 3.3V ≤10mΩ 
Cut Off Discharge Voltage 2.0V 
Charging Mode CC/CV (Constant Current/ Constant Voltage)   
Maximum Discharge Constant 25C (200A) 
Maximum Charge Current 4C (32A) 
Cycle Life (Minimum) 2000 Cycles, Capacity ≧6.4Ah 
Operating Temperature  
Charge Temperature Range 0~45 C 
Discharge Temperature Range -20~60 C 
Diameter 38±1mm 
Height 123 ±1mm 
Weight 290g 
Energy Density  
Gravimetric  >80Wh/Kgs 
Volumetric  >189Wh/L 
Power Density   
Gravimetric  >2,000W/Kg 
Volumetric  >4,731W/L 
Initial Internal Impedance <6 mΩ 
Figure A.1: Data sheet LiFeBatt
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Figure A.3: Battery layout of the EE-VERT battery
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B Output fuzzy controller
B.1 Water pump











Figure B.1: Output variable of the water pump fuzzy controller
B.2 Vacuum pump











Figure B.2: Output variable of the vacuum pump fuzzy controller
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